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ABSTRACT
Mild cognitive impairment (MCI) is often viewed as an intermediate phase between
normal aging and Alzheimer’s disease (AD). Consequently, it is important to identify
biomarkers of this pre-clinical phase of AD in order to provide preventative treatments.
In the present study, MCI participants underwent functional magnetic resonance imaging
(fMRI) and diffusion tensor imaging (DTI) scanning. FMRI data was acquired while
participants performed a complex working memory span (CWKMS) task and DTI
diffusivity indices were correlated with performance on cognitive measures. FMRI
findings suggest that superior temporal gyrus hyper-activation during CWKMS
performance may be a previously undiscovered biomarker of memory impairment in
MCI. Performance on a delayed memory measure demonstrated widespread negative
correlations with DTI diffusivity measures in those with MCI along several pathways
connecting cortical regions involved in memory performance, suggesting that impaired
memory performance in MCI and AD may be compounded by global white matter
deterioration. Altogether, functional and structural imaging biomarkers of MCI were

identified which may further aid in elucidating the causes of memory impairment in MCI
and providing targeted treatments.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW
The detection of abnormal cognitive decline in older adults is of significant
importance, especially as older adults increasingly constitute a greater portion of the
population. The most recent statistics (2009) on older individuals indicate that there are
39.6 million individuals over the age of 65 residing in the United States, approximately
13% of the population. By 2030 that number is expected to increase to 72.1 million, or
19% of the population (Vincent & Velkof, 2010). In 2000, it was estimated there were
approximately 606 million individuals over the age of 60 across the world; by 2050, that
figure is projected to reach 2 billion. A major concern often associated with aging and
cognitive decline is the onset of dementia, most commonly occurring as Alzheimer’s
disease (AD). Prior to the onset of a diagnosable dementia is a period of gradual, but
possibly fluctuating, increase in cognitive impairment, termed mild cognitive impairment
(MCI). As the term suggests, impairment during MCI is not severe, but can affect more
than one cognitive domain.
Several biomarkers associated with developing AD are also associated with the
development of MCI, often seen as the precursor to AD. Recent guidelines developed by
a joint National Institute on Aging and Alzheimer’s Association workgroup (Albert et al.,
2011) indicate that some of the most reliable biomarkers of AD pathology are those
indicative of beta amyloid-42 (Aβ42) and tau deposition. It is suggested the aggregation of
these two proteins often results in neuronal injury, often evidenced as medial temporal

2

atrophy, and hypometabolism or hypoperfusion in temporoparietal cortex or the
precuneus. The workgroup also indicated that the presence of the apolipoprotein E ε4
(APOE ε4) allele is the only genetic factor widely accepted as indicative of an increased
risk of developing AD.
Here, the aim is to use magnetic resonance imaging (MRI) to further increase the
repertoire of available biomarkers useful in the diagnosis of MCI. The first imaging
biomarker of interest is the functional MRI (fMRI) detected hemodynamic response in
regions of interest (ROIs) associated with working memory (WKM) performance. WKM
is a high level cognitive mechanism that integrates short-term memory (STM) and longterm memory (LTM) functioning through the use of several executive control functions,
mainly attentional control. Since WKM is a multi-domain cognitive mechanism,
evaluating WKM deficits in patients with MCI may capture impairments across a variety
of domains. As such, evaluation of WKM performance across MCI subtypes may provide
another marker by which to predict conversion to AD. WKM ROIs include the
dorsolateral and ventrolateral prefrontal cortices (DLPFC, VLPFC), anterior cingulate
cortex (ACC), superior parietal lobule (SPL), inferior parietal lobule (IPL), precuneus,
and the medial temporal lobes (MTL).
The second set of imaging biomarkers of interest are diffusivity indices of water
surrounding the white matter gained from diffusion tensor imaging (DTI). These indices
are believed to reflect several features indicative of white matter integrity and can
therefore be used to infer microstructural changes. For example, axial diffusivity (DA)
indicates the extent of water diffusivity parallel to the axon. Changes in DA are seen as
an indicator of the extra- or intra-axonal changes that occur along with
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neurodegeneration. Other commonly used indices are radial diffusivity (RD; diffusion
perpendicular to DA), mean diffusivity (MD; average diffusion of water within the voxel
of interest), fractional anisotropy (FA; the degree to which water diffuses along DA). A
meta-analysis by Sexton et al. (2011) indicated a large effect size for increased MD in the
hippocampus and parietal lobes and reduced FA in the hippocampus in those with MCI.
Furthermore, MCI patients with predominantly impaired executive functions have been
shown to exhibit increased DR and MD in the white matter of frontal, cingulate, and
entorhinal cortices relative to controls (Grambaite et al., 2011). To further explore the
meaning of these white matter changes it would be beneficial to investigate their
correlation with scores on neuropsychological batteries, such as the Repeatable Battery
for the Assessment of Neuropsychological Status (RBANS; Randolph, 1998), a battery
often used in the assessing the progression of dementia.

Normal Cognitive Aging
A normal part of the aging process is an often small, but steady decline in specific
cognitive abilities. Normal cognitive aging typically begins to manifest during early
adulthood and is evidenced as the decline of general fluid abilities, such as those of
memory, problem solving, spatial abilities, and processing speed (Christensen et al.,
2001). Even though these cognitive processes influence and depend on each other, it
appears that a decrease in processing speed shows one of the strongest correlations with
age (Salthouse, 2000). Park et al. (2002) demonstrated that short-term, working, and
long-term memories continuously decline throughout the adult life-span (beginning at
approximately 20 years of age) at a steady rate, with processing speed being the most
influential factor mediating the variance between cognitive tasks and age. Implicit
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memories, though, are less susceptible to age-related decline (Luo & Craik, 2008).
Specifically, crystallized abilities, such as those of vocabulary and general knowledge,
continue to be acquired until the sixth or seventh decade of life (Christensen et al., 2001;
Park et al., 2002).
Salthouse (1996) proposed two mechanisms responsible for the relation between
cognitive ability and processing speed, the limited time and simultaneity mechanisms.
The limited-time mechanism suggests that the reduction in speed at which an operation is
completed impairs the quality of processing of proceeding operations. In other words,
given a limited time frame in which a series of operations should optimally be performed,
the prolonged processing of early operations restricts the amount of time available for
later operations. This is especially important when there are demands for concurrent
processing. Similarly, the simultaneity mechanism suggests that reduced processing
speed impairs an individual’s ability to manage or synchronize several cognitive
operations or pieces of information needed for higher level processes. The inability to
efficiently synchronize information to be fed into higher level processes within a limited
temporal window becomes problematic because information may decay or be displaced
over time. Therefore, the cognitive slowing associated with normal aging may be
explained as a result of reduced processing speed (Salthouse, 1985; Salthouse 2000).
Neurologically, the normal decline in cognitive abilities may occur for a variety
of reasons, the most global likely being age related brain atrophy. Previously, it was
thought that atrophy occurred due to neuronal loss, but the current literature suggests it
may be due to neuronal shrinkage and loss of inter-neuronal connections (Akiyama et al.,
1997; Raz, 2005), resulting in reduced or inefficient intra- and inter-regional
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communication. In a neuroimaging review on brain atrophy on normally aging adults,
Fox and Schott (2004) found longitudinal rates of global brain atrophy occurring at a rate
of 0.2% a year at age 30-50, and increased to 0.3-0.5% at 70-80. A one year longitudinal
study based on the Alzheimer’s Disease Neuroimaging Initiative (ADNI) data-set (Fjell
et al., 2010), which screened for any incipient cognitive disorders, demonstrated that in a
sample with an age range of 63.0 – 90.2 years of age and a mean of 76.8 years at
baseline, cortical atrophy occurred at a rate 0.31% to 0.98% per year. Studies reporting
regions of greatest atrophy have demonstrated some variability, partly dependent on
whether the data was collected cross-sectionally or longitudinally, with longitudinal
estimates showing higher rates of atrophy (Fjell et al., 2009; Raz et al., 2005). Evidence
of the wide range of variability in atrophy-related findings is demonstrated in the
following examples. Resnick et al. (2003) reported that gray matter atrophy is more
prominent in the frontal and parietal lobes while white matter atrophy appears to be
global. Raz et al. (2005) report that the largest effect sizes for change occur in the
cerebellum, caudate, hippocampus, lateral PFC, and IPL. Changes in the IPL, though,
were reported to lack consistency across individuals. Lastly, Fjell et al. (2010)
paracellated the cortex into 33 sulci and gyri, and segmented into subcortical regions into
15 ROIs and report that the greatest atrophy in healthy older adults was found to occur in
the hippocampus.

Mild Cognitive Impairment
When cognitive decline exhibits a rapid progression without incidence of an
external or traumatic event it is often attributed to neurodegenerative or vascular disease.
In the aging population significant declines in cognitive ability typically result from
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dementing processes, of which the most common is AD. Unlike with normal aging, the
primary cause of cognitive decline in AD is impaired memory functioning. Preceding the
stages of readily observable and increasing deficits seen in dementia is a period of mild,
but still observable clinical impairment; this period is often termed MCI. Even though
varying, clinic-based estimates indicate 10-15% of those with amnestic-MCI (a-MCI)
convert to AD annually (Roach, 2005), while population based estimates report
conversion rates of 5-10% (DeCarli, 2003; Panza et al., 2005). Overall, of the 13.9% of
individuals over the age of 70 undergoing a dementing process, AD is thought to account
for approximately 69.9% of cases (Plassman et al., 2007).
Initial guidelines for AD diagnosis established in 1984 did not include a category
for classification of individuals not meeting the clinical criteria for a dementia diagnosis
but exhibiting MCI (McKhann et al., 1984). Since then, various attempts have been made
to accurately define and categorize MCI (e.g., Crook et al., 1986; Levy, 1994; Petersen et
al., 1999; Albert et al., 2011). Due to the nature of the concept of MCI, however, its
diagnosis is still a questionable and complicated endeavor. One of the earliest and most
well-known criteria for the diagnosis of MCI specify that a diagnosis be made if patients
fulfill the following criteria: 1) subjective memory complaint, 2) objective memory
impairment, 3) general cognitive functioning is not impaired, 4), no impairment in
activities of daily living, and 5) not demented (Petersen et al., 1999). These criteria
describe the most prominent subtype of MCI, a-MCI. Clarifications to these criteria and
further subtypes were suggested by Petersen et al. (2001) and Petersen (2004).
One of the main sources of debate in the MCI diagnosis literature regards what
should be considered objective memory impairment. Petersen et al. (1999) reported that
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mean standard deviation on memory scores for their Mayo Clinic-based MCI cohort was
1.5 below their age-matched controls. Erroneously, this standard deviation has often been
used as a cutoff score for categorizing individuals as mildly cognitively impaired; this
score was not intended to be used as a cutoff, since approximately half of the MCI cohort
fell below that score. Classification based on this standard deviation of memory scores
becomes even more problematic when it involves individuals with initially superior
abilities, primarily because premorbid measures of cognitive abilities are usually not
available. In other words, even though these individuals may not exhibit differences when
compared to other healthy older adults, they may be functioning significantly below their
own premorbid levels, for which data is not available. As such, it is emphasized that in
considering a diagnosis of MCI, clinical judgment must be used and combined with the
information from the first criterion (e.g., Petersen, 2004; Petersen et al., 1999). Similar
procedures should be considered when examining general cognitive functioning.
In regards to the subtypes, three other subtypes exist besides a-MCI. They are
single nonmemory domain MCI, also referred to as non-amnestic MCI (na-MCI), and
multiple domain MCI with or without a memory impairment md-MCI + a and md-MCI –
a, respectively (Winblad et al., 2004). Those with single nonmemory domain MCI exhibit
impairment in a single nonmemory domain. One of the purposes of this classification
scheme is to increase the prognostic accuracy in regards to the different dementias
(Petersen et al., 2001; Petersen, 2004). A-MCI is thought to be the most prognostic of
AD, while md-MCI + a may also be prognostic (Petersen et al., 2004) The md-MCI
subtype in general, though, is thought to be the most variable as it may indicate
progression to AD, vascular dementia, or dementia with Lewy bodies. Previous research
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has indicated that na-MCI is prognostic of dementia with Lewy bodies or frontotemporal
dementia (Petersen & Morris, 2005; Yaffe et al., 2006).
More recent efforts at improving prognostic ability demonstrate that the profiles
just described are not so straightforward. These studies indicate that those with na-MCI
also demonstrate high levels of conversion to AD, while both a-MCI and na-MCI patients
are also at an increased risk for conversion to non-AD dementia types (Fischer et al.,
2007; Rountree et al., 2007). There is a general consensus, though, that those with MCI
who convert to dementia face an increased risk of converting to AD over other
dementias. It is important to note, however, a meta-analysis by Mitchell and Shiri-Feshki
(2009) reported that typically less than half of those with MCI will convert to dementia.
Several studies aimed at defining the neuropsychological profiles of those with
MCI have shown that those with MCI typically experience a decline in specific cognitive
domains. When compared to controls on multiple domains it was shown that those with
MCI exhibited deficits in episodic memory, semantic memory, and processing speed (de
Jager et al., 2003). Saunders et al. (2010) demonstrated that those with a-MCI and
subjective MCI displayed impairments in language retrieval, complex sustained attention,
target detection, spatial WKM, and visuospatial span; those with a-MCI displayed greater
deficits in selective attention, simple sustained attention, and language retrieval.
Therefore, using neuropsychological measures sensitive and specific to different
cognitive domains revealed that 83% of the a-MCI group demonstrated impairment in at
least one other cognitive domain than episodic memory, many of which are components
of WKM. Impairment in MCI, therefore, is much more inclusive of other cognitive
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domains than is specified in the Petersen criteria, and the rate and patterns of memory
decline are not clear (Belleville et al., 2008).
One brief neuropsychological battery which shows some promise in the diagnosis
of MCI is the RBANS, as one of its primary purposes is the assessment and longitudinal
testing of individuals believed to be undergoing a dementing process (Randolph, 1998).
The RBANS consists of a series of subtests examining immediate memory (IM), delayed
memory (DM), attention (ATT), language (LAN), and visuospatial / constructional skills
(VSC). An examination of the diagnostic accuracy of the RBANS in MCI found that
specificity values for all memory-related subtests and indices was 0.82 or higher, but
sensitivity values were poor (Duff et al., 2010). A couple of caveats to these findings are
that individuals were classified as MCI based almost entirely on their performance on
other cognitive measures and only those classified as a-MCI were examined. Another
study, also initially basing MCI classification on performance on other measures, found
that percent retention scores on RBANS List Learning and Story Memory demonstrated
excellent specificity and sensitivity in distinguishing those with MCI from normals and
AD (Clark et al., 2010). Therefore, not only is there a need to further study and clarify the
relationship between MCI and dementia development, as alluded to in the previous
paragraph, but there is also a need to further examine whether brief neuropsychological
batteries, such as the RBANS, may provide additional clinical utility in diagnosing MCI .

Current criteria for the classification of mild cognitive impairment
The latest criteria for the diagnosis of MCI have been proposed by a National
Institute on Aging and Alzheimer’s Association joint workgroup and provide both
clinical and research criteria (Albert et al., 2011). The core clinical criteria are very
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similar to previously proposed criteria and are as follows: 1) concern regarding a change
in the individual’s level of cognition; preferably corroborated by a collateral, 2)
impairment in one or more cognitive domains, 3) preservation of independence in
functional abilities, and 4) not demented. The guidelines indicate that individuals with
MCI often score 1 to 1.5 standard deviations below their age, education, and
demographics matched peers on one or various domains.
Since the diagnosis of MCI often revolves around determining whether an
individual might progress to AD, the research criteria follow the clinical criteria while
also assessing biomarkers most often associated with AD, mainly deposition of betaamyloid (Aβ) protein (resulting in plaques) and hyperphosphorylated tau protein
(resulting in neurofibrillary tangles). Typically, post-mortem examinations of individuals
with probable AD look for direct evidence of Aβ42 and tau protein deposition/aggregation
in the brain for a confirmatory diagnosis. With in-vivo patients, cerebrospinal fluid (CSF)
samples are examined for lower levels of Aβ42 and increased levels of tau or
hyperphosphorylated tau, while positron emission tomography can be used to detect
amyloid pathology in the brain. The drawback to using only Aβ42 or tau as a biomarker
for AD related pathology is that they are not specific to AD. For example, tau is thought
to be one of the causative factors of frontotemporal dementia (Small & Duff, 2008),
while both Aβ42 and tau are found in up to a third of patients who survive after a single
traumatic brain injury for at least one year (Johnson et al., 2012). Evidence of both low
CSF Aβ42 and elevated CSF tau, though, are highly prognostic of conversion from MCI
to AD (Albert et al., 2011).

11

Another important set of biomarkers included in the research criteria are those
reflective of neuronal injury, one of which is elevated CSF tau levels. Other biomarkers
of neuronal injury discussed in the Albert et al. (2011) criteria include: loss of
hippocampal volume as seen on MRI, reduction of glucose metabolism in
temporoparietal cortex, and changes in DTI and fMRI measures. All together, the
presence of the core clinical criteria can be combined with biomarker information to
categorize whether the MCI syndrome may be due to AD or not. The three proposed
categories are 1) MCI due to AD—high likelihood, where there are positive biomarkers
for both Aβ42 and neuronal injury; 2) MCI due to AD—intermediate likelihood, where
only one biomarker is tested and present; and 3) MCI—unlikely due to AD, where the
presence of both biomarkers is negative. Notice that these criteria do not classify MCI
individuals into the four previously discussed sub-types.

Apolipoprotein ε4: Genetic risk factor for Alzheimer’s disease
The most well-known genetic risk factor for developing late-onset AD is the
presence of the APOE ε4 allele. Those heterozygous for ε4 have a threefold risk of
developing AD, while those who are homozygous for ε4 have a tenfold risk of
developing AD. Apolipoproteins, themselves, are carrier proteins which bind with
phospholipids to form lipoproteins; these lipoproteins carry the cholesterol and lipid
molecules essential to cellular function. Apolipoproteins, then, are an essential part of the
cellular transport mechanism. For example, in the brain the APOE receptor 2 (APOER2)
binds to APOE containing lipoproteins in order to extract the lipids and cholesterol
necessary for neuronal membrane remodeling and synaptic plasticity (He et al., 2007).
One of the reasons why APOE allele type is so closely linked with development of AD is
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that amyloid precursor protein (APP) and APOER2 are part of a cellular complex. When
APOE binds to this complex, the whole complex is endocytosed along with β-secretase, a
protease which cleaves APP to form Aβ. The presence of ε4 in this process has been
shown to result in greater production of Aβ than ε2 or ε3, possibly because ε4 forms a
stronger bond with APOER2 than ε2 or ε3 (He et al., 2007).
Since APOE ε4 is associated with Aβ it is reasonable to expect that ε4 carriers
with MCI would emulate their AD counterparts to a greater extent as demonstrated by
significantly greater differences in brain regions typically associated with AD, such as the
medial temporal lobes, and in their functional abilities. In a voxel based morphometry
study, stable MCI subjects carrying the ε4allele displayed atrophy in the amygdala and
anterior hippocampus compared to those who did not carry the allele. Among subjects
progressing to dementia, those with the ε4 allele showed atrophy in the left inferior
frontal gyrus (IFG) and banks of the intraparietal sulcus compared to non-carriers
(Hamalainen et al., 2008). He et al. (2009) found that those classified as a-MCI had
greater hippocampal atrophy and were significantly more likely to be at least
heterozygous for the ε4 allele. Conversely, those with na-MCI were found to have
increased vascular risk factors and a lower prevalence of the APOE ε4 genotype.
In a longitudinal study, Okonkwo et al. (2010) provide further evidence of the
possible detrimental effects of the APOE ε4 genotype, specifically in relation to
functional abilities as measured by the Pfeffer Functional Activities Questionnaire
(FAQ). In general, MCI individuals presenting with the APOE ε4 genotype demonstrated
a faster rate of decline on the FAQ compared to those negative for APOE ε4. The group
also examined another factor, ventricle-to-brain-ratio (VBR) and found that increased
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VBR also resulted in increased rate of decline on the FAQ. When these two factors were
examined jointly, it was found that the impact of VBR on FAQ score was three times
greater for those positive for APOE ε4.
In general, it appears that MCI individuals who are at least heterozygous for
APOE ε4 will likely experience greater brain atrophy, especially in the MTLs, and a
more rapid cognitive decline than non-APOE ε4 carriers.

Working Memory
Definition
The human brain’s ability to attend to various perceptual experiences, or
cognitions, and to simultaneously process these pieces of information is limited
(Broadbent, 1958; McElree, 2006). In order to successfully comply with task or
situational demands it is often required that various pieces of information be processed in
conjunction or that recently accessed or perceived information be brought back into and
maintained in the focus of attention, otherwise known as STM. Maintenance of these
items in the focus of attention allows them to be manipulated, associated with incoming
items or with items retrieved from LTM, and/or passed into LTM. WKM allows for these
complex cognitive processes to take place (Baddeley & Hitch, 1974; Cowan, 2005; Engle
et al., 1999; McElree, 2006; Unsworth & Engle, 2007a). The WKM system is also crucial
in maintaining information in the focus when attentional control is necessary to override
automatic responses (Unsworth & Engle, 2007b). This indicates the WKM system is
closely intertwined with aspects of executive functioning; specifically, the ability to
maintain information in the focus of attention or exchange information between the focus
and LTM is limited by the individual’s level of attentional control. Furthermore, because
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one of the building blocks of the WKM system is the focus of attention, a capacity
limited store, WKM itself is a capacity-limited store.
One of the most well-known attempts to define the components of the WKM
system has been Baddeley and Hitch’s (1974) tripartite model of WKM. The Baddeley
and Hitch (1974) model was novel because it did not have a single, unitary store for items
in STM as was proposed in earlier models of human information processing (Atkinson &
Shiffrin, 1968; Miller, 1956). Rather, it proposed separate verbal (phonological loop) and
visual (visuospatial sketchpad) stores that were independent of each other and were
regulated by a central executive system. Recently, the tripartite model was revised to
include an episodic buffer which can integrate information from various modalities
(Baddeley, 2000). Essentially, the model now has 3 separate stores for types of items in
the focus of attention. Being that the episodic buffer can integrate information from the
visuo-spatial sketchpad and the phonological loop, the model is effectively reverted to a
unitary model of the focus of attention, similar to several current models of WKM
functioning (e.g., Cowan, 1999; McElree, 2001 Unsworth & Engle, 2007b).
Recent studies concerning the WKM system have focused more on defining
WKM capacity rather than defining the actual components of WKM. Cowan’s (1988,
1999) embedded processes model proposes that the main differences in WKM capacity
between individuals stem from their ability to keep their attention on the task at hand by
suppressing interference from environmental stimuli or the activation of other LTMs
caused by irrelevant cognitions (Cowan, 2001). As with the tripartite model, the
embedded processes model emphasizes the role of executive functioning, especially
attentional control, in regulating WKM processes. In a similar manner, Unsworth and
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Engle’s (2007b) active maintenance and controlled retrieval model emphasizes that
WKM is required in order to override our automatic responses to a stimulus or event; one
must also be able to maintain the desired outcome or response set in mind in order to
override the automatic response. Therefore, this model posits that WKM capacity
differences arise not only from the ability to actively maintain information in the focus of
attention, but also from the ability to accurately retrieve task relevant information in the
presence of irrelevant, distracting information. As can be seen, both models offer fairly
similar views of the processes that affect WKM capacity. Therefore, individuals have a
low WKM capacity because they have difficulty maintaining relevant information in the
focus of attention in the face of task irrelevant information, regardless of whether the
irrelevant information is internally generated or externally perceived (Engle & Kane,
2004). Their problems are further aggravated because they often fail to generate the
proper temporal-contextual cues needed to engage in a controlled search of information
residing in LTM in order to retrieve items back into the focus of attention (Unsworth &
Engle; 2007b). Where these two models differ is in their slightly different views of
structure of the WKM system. The embedded processes model has an intermediary level
between the focus and LTM, called activated memory, in which items recently displaced
from the focus reside to allow for quicker access; this intermediary construct is absent
from the active maintenance and controlled retrieval model.

Working memory in healthy older adults
As previously mentioned, part of the aging process is a small, but continuous
decline in general fluid abilities which begins during early adulthood. One system that
exhibits a notable age-related decline is the WKM system (Bopp & Verhaeghen, 2005;
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Pratt et al., 1989; Salthouse, 1992; Salthouse, 1994; Salthouse & Babcock, 1991). One
hypothesis states that impairments in WKM abilities may be responsible for overall agerelated cognitive decline (Mayr & Kliegl, 1993). It is also possible, though, that this agerelated impairment may be restricted to tasks of executive control requiring maintenance
of more than one task set, as in dual-task performance, but not for tasks of inhibition or
selective attention, such as the Stroop task (Verhaeghen & Cerella, 2002).
In a meta-analysis of the aging and verbal memory span literature, Bopp and
Verhaghen (2005) found that older adults show deficits across all aspects of verbal
memory span, and that complex working memory span (CWKMS) tasks are more
sensitive to these deficits than STM span tasks. This dissociation has been replicated
several times and indicates that healthy older adults are not impaired in accessing or
processing items held in the focus of attention, but do encounter difficulties in accessing
and processing items which have been displaced from the focus (Basak & Verhaeghen,
2011). Interestingly, even though healthy older adults are not impaired at processing
information stored within the focus, their accuracy is significantly impaired (Basak &
Verhaeghen, 2011). One suggested possibility for this finding is that older adults have
impaired attentional control abilities which results in a higher level of interference from
items stored outside of the focus, and therefore reduced STM or WKM capacity. Basak
and Verhaeghan (2011) note that this impairment is not necessarily due to WKM load,
because during a random cue location n-back, performance did not decrease significantly
as a function of increased load during non-switch location trials. They alternatively
suggest that simultaneous storage and processing may be the detrimental factor in older
adults’ reduced WKM capacity.
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Working memory in mild cognitive impairment
The global cognitive decline that begins upon conversion to AD manifests itself
as increasingly prevalent deficits in activities of daily living and instrumental activities of
daily living. The hallmark sign of these deficits in AD is impairment in LTM or episodic
memory functioning. Accompanying the characteristic LTM deficit is also a severe
impairment in WKM abilities (Baddeley et al., 2001; Belleville, Peretz, & Malenfant,
1996; Belleville et al., 2003; Kensinger et al., 2003). This is accompanied by deficits in
attention and inhibition which can also be interpreted as contributing to WKM
impairment (Amieva et al., 2004; Belleville, Chertkow, & Gauthier, 2007). Traditionally,
it was thought that during the course of early AD only the episodic memory deficits were
significant, but more recent studies have demonstrated that WKM deficits are also
evident in the early stage of the disease (Germano & Kinsella, 2005). Similarly, various
studies originally indicated that those with MCI primarily displayed deficits in episodic
memory functioning (e.g., Jack et al., 1999; Kluger et al., 1999) and episodic memory
deficits in those with a-MCI have been seen as most predictive of conversion to AD
(Landau et al., 2010). Very few cognitive or neuropsychological test-based studies,
though, have investigated WKM functioning in those with MCI (e.g., Alescio-Lautier et
al., 2007; Belleville et al., 2007; Belleville et al., 2008; Gagnon & Belleville, 2011).
Recent findings indicate consistent and significant impairments in attention, executive
functioning, and WKM in both a-MCI and na-MCI (Saunders, 2011), while md-MCI
patients exhibit the greatest impairment in WKM (Brandt et al., 2008). Belleville et al.
(2007) observed that not only were MCI patients impaired on recall during a dual task,
like the Brown-Peterson procedure, but were also impaired on recall when no
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interference was presented. The latter indicates trouble maintaining items in the focus of
attention, and may result from deficits in attention or other executive functions. In the
only study to use CWKMS tasks on MCI, Gagnon and Belleville (2011) found that by
varying the retention interval they could differentiate MCI-to-AD converters from nonconverters, information not gleaned from the other neuropsychological measures which
had been administered.

Neuroimaging
Functional neuroimaging of working memory
A significant drawback to solely relying on neuropsychological assessment for a
diagnosis is that a subset of individuals experiencing mild cognitive impairment may not
appear to significantly differ from controls. One reason for this possibility has already
been discussed; individuals who naturally possess superior cognitive abilities may not be
sufficiently impaired relative to controls. Another possibility is that compensatory brain
mechanisms may be at work. In order to compensate for damage to task-relevant regions,
those regions may need to be activated to a greater extent or the brain may even recruit
alternative regions or pathways to achieve the desired response or output. The end result
is a normal behavioral response which masks the underlying pathology. Evidence of such
compensatory mechanisms, though, can be captured by functional neuroimaging as
altered brain activity. Such neuroimaging biomarkers of neuropathology are extremely
valuable because they may indicate which brain regions are malfunctioning or
undergoing neurodegenerative processes. Given that WKM decline is evident in MCI and
may actually precede episodic memory deficits, acquiring functional neuroimaging data
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while MCI participants perform a WKM task may further elucidate how AD
neuropathology initially manifests itself in the form of MCI.
Traditional neuroimaging WKM tasks such as the n-back and Sternberg task have
provided valuable information regarding the regions typically involved in WKM in
healthy adults (e.g., Braver et al., 1997; Derrfuss et al., 2004; Jonides et al., 1997; Knops
et al., 2006; Owen et al., 2005; Schon et al., 2009). Regions believed to be integral to
WKM processes are the DLPFC, VLPFC, ACC, IPL, SPL, precuneus, and the MTL (e.g.,
Axmacher et al., 2010; Cashdollar et al., 2009; Chein et al., 2011; Oztekin et al., 2009;
for reviews see Blumenfeld & Ranganath, 2007; Bucci, 2009;Wager & Smith, 2003). As
can be seen, this comprises a large portion of the brain, indicating that WKM is a
complex cognitive process. The attributed functions of each of these regions, as
elucidated by neuroimaging techniques, are described below. At a basic level, it is
acknowledged that frontal, parietal, and MTL regions are part of a structured, highly
interconnected network whose efficiency dictates the success of WKM processes and the
resulting WKM capacity of an individual. The DLPFC is believed to be involved in
attentional control (which may result in enhanced WKM capacity), the organizational
processing of information, and the manipulation of information (e.g., Blumenfeld &
Ranganath, 2006; Champod & Petrides, 2007; D’Esposito et al., 1999). The VLPFC /
IFG is thought to be involved in the maintenance of spatial information, the rehearsal of
verbal information, and the resolution of interference (Blumenfeld & Ranganath, 2007;
Cabeza & Nyberg, 2000; Toepper et al. 2010). The ACC is relevant for cognitive control
and may play an even greater role in executive functioning than the DLPFC (Kaneda &
Osaka, 2008; Osaka et al., 2003; Smith & Jonides, 1999). The role of posterior parietal
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cortex (PPC) in WKM is not as clear, but the SPL and precuneus are believed to store,
maintain, and manipulate items residing in the focus of attention (Wager & Smith, 2003;
Wendelken et al., 2008); the IPL, which has been shown to be a structural hub of the
brain (Hagmann et al., 2008), may regulate the interactions between frontal and parietal
regions. Lastly, parts of the MTLs are thought to regulate the maintenance and retrieval
of items displaced from the focus of attention, possibly functioning as a storage buffer
during WKM performance (Axmacher et al., 2009a, Axmacher at al., 2009b; Faraco et
al., 2011).
Even though tasks such as the n-back have provided valuable insight about the
regions involved in WKM, there are alternative tasks which may be better suited to
examine WKM in older populations in a neuroimaging setting. In a sample that was not
initially distinguishable on clinical neuropsychological measures, CWKMS tasks have
been shown to differentiate between those with MCI who progressed to AD from those
who did not (Gagnon & Belleville, 2011). A benefit of CWKMS tasks is that they
continuously force to-be-remembered items to be displaced from the focus of attention
and retrieved from LTM. This is important because neuroimaging technologies such as
fMRI benefit from designs that quickly induce the highest amount of variability between
conditions. The result is that all or most of the regions involved in WKM throughout task
performance will be efficiently recruited during each block. Furthermore, CWKMS tasks
have already been shown to be effective in eliciting activation in the above mentioned
regions associated with WKM performance (Chein et al., 2010; Faraco et al., 2011;
Kondo et al., 2005).
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Functional neuroimaging of working memory in healthy older adults
Neuroimaging studies have found that older adults exhibit several different
patterns of brain activity during various cognitive tasks, including WKM, in comparison
to their young counterparts (Cabeza et al., 1997; Dew et al., 2011; Grady et al., 2002;
Reuter-Lorenz et al., 2000; Spreng et al., 2010). One of the first theories to address these
differences was the Hemispheric Asymmetries are Reduced in OLD (HAROLD; Cabeza,
2002; Cabeza et al., 2004) model. The HAROLD model is based on task related
activations during a variety of tasks including WKM, episodic memory retrieval, and
inhibitory control. In its most basic form, the HAROLD model states that older adults
exhibit greater bilateral PFC activity during task performance than younger adults, and
may even show an opposite pattern of activity as task difficulty increases compared to
younger adults (e.g., greater right PFC activation as opposed to left PFC activation).
Some studies, though, have shown that at higher WKM loads younger adults also
demonstrate bilateral recruitment (Mattay et al., 2006), and that bilateral activation in
either group is not necessarily limited to PFC regions (Schneider-Garces et al., 2010).
Mattay et al. (2006) also reported an inverted-U signal in the left PFC of younger adults
in response to increasing n-back load, while the older adults only showed decreased
bilateral PFC activation in response to n-back load; older adults exhibited greater bilateral
activation during the 1-back though. Relatedly, Schneider-Garces et al. (2010)
demonstrated that activation differences across younger and older adults can be
accounted for solely as a matter of reduced WKM capacity. This supports the cognitive
hypothesis that WKM performance differences between younger and older adults are the
result of reduced WKM capacity in older adults, and supports the idea that individuals
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will activate more cortical regions as task load increases, as hypothesized by the
Compensation-Related Utilization of Neural Circuits Hypothesis (CRUNCH; ReuterLorenz & Lustig, 2005).
Lastly, activation differences between older and younger adults may be explained
by differences in cognitive control strategies, observed as temporal activation differences.
Specifically, it is thought that older adults may be employing reactive rather than
proactive strategies in response to probes and cues, which is seen as delayed activation in
regions associated with successful task performance in younger adults. This pattern of
activation can be described as an early-to-late shift in aging (ELSA) and has been
observed in both PFC and medial temporal regions (Dew et al., 2011). Regardless of the
particular model assumed when explaining signal differences between older and younger
adults, older adults will exhibit differential activation in a variety of cortical regions.
Depending on the task and load, activation differences may be observed as bilateral PFC
activation, greater overall activity at low loads, reduced overall activation at high loads,
or delayed activation as a result of shifts in cognitive strategies.

Functional neuroimaging of working memory in mild cognitive impairment
Previous neuroimaging studies of working or episodic memory in MCI patients
have yielded mixed results. Even though a number of these studies find differences in
frontal, parietal, and MTL regions, results are variable as to whether these ROIs are
reported as displaying increased or decreased activation relative to the comparison
group/s of interest, usually healthy adults or AD patients (e.g., Bokde et al., 2010;
Hampstead et al., 2011; Kircher et al., 2007; Kochan et al., 2010; Kochan et al., 2011;
Machulda et al., 2003; Yetkin et al., 2006). Overall, though, it appears the most
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consistent finding is increased MTL activation compared to controls during a variety of
memory tasks; this supports the idea that MCI patients are engaging compensatory
mechanisms. In other words, because AD pathology is thought to initially have its most
notable effects in the MTLs, increased activity in this region during initial
neurodegeneration (during MCI) is thought to help maintain pre-morbid functioning.
Longitudinal studies have even shown that increased hippocampal activity during
memory tasks is predictive of incipient cognitive decline and should be used as a
biomarker of MCI (Miller et al., 2008).
In one of the earliest fMRI memory studies on MCI, Machulda et al. (2003) found
that during encoding of a visual scene, MCI and AD subjects displayed reduced MTL
activation as compared to controls. MTL activation in the AD sample during encoding
was found to be consistent with previous studies on AD, and is still consistent with
current findings on AD encoding, but MCI findings are at odds with the current literature.
For example, using a visual WKM paradigm with 2 probe images presented in 3-back
fashion following the presentation of 4 novel images, Yetkin et al. (2006) found that MCI
subjects exhibited greater right parahippocampal gyrus activation than AD patients and
controls, while AD patients exhibited greater left parahippocampal gyrus activity than
both MCI subjects and controls. Aside from the difference in task requirements, one
explanation for the discrepancy in MTL in MCI activation was the subjects’ abilities to
perform the task. In Yetkin et al. (2006) there was no significant difference between the
performance of control, MCI, and AD groups, while in Machulda et al. (2003) MCI and
AD patients both performed significantly worse than controls. Therefore, careful
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attention must be given to behavioral performance when interpreting findings of hypo- or
hyper-activation in MCI.
In a verbal delayed match to sample task (Bokde et al., 2010), aMCI patients
displayed greater frontal, temporal, and inferior parietal activation during encoding and
maintenance compared to their performance matched controls, with the greatest
differences occurring in frontal and temporal regions during maintenance. This indicates
MCI subjects may have required greater neural resources to maintain information.
Interestingly, reaction time during the recall phase was positively correlated with left
hippocampal activation during recall for the MCI patients, but with left hippocampal
activation during encoding for the controls. Similarly, Hampstead et al. (2011) detected
an overall reduction of brain activity, including the MTLs, in MCI subjects during
encoding/storing of object-location associations. This suggests that healthy older adults
are successfully encoding and storing information, and can easily access the information
during recall, while those with MCI are not and require greater resources to recall that
information. Furthermore, Bokde et al. (2010) demonstrated that regions activated across
all three phases (encoding, maintenance, and recall) were more similar for the MCI group
than controls. The authors suggest that along with the fact those with MCI did not recruit
DLPFC throughout the task, as opposed to controls, these findings further support the
idea that impaired WKM functioning in MCI may result from impaired executive
abilities.
Kochan and colleagues (2010; 2011) have suggested the use of load-varied
functional activation patterns in regions other than the MTLs as a biomarker for MCI.
Kochan et al. (2010) indicated that community dwelling MCI subjects show increased
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activation in the ACC and precuneus during the encoding phase of the lower load
conditions as compared to healthy older adults. During the high load condition MCI
subjects displayed decreased activation in these regions during encoding as compared to
healthy older adults, and demonstrated a greater degree of hypoactivation in a posterior
cingulate – medial precuneus region as compared to healthy older adults. In an ROI
analysis, Kochan et al. (2011) further demonstrated that greater load induced deactivation
in the posteromedial cortex (medial precuneus, posterior cingulate, and retrosplenial
cortex) significantly predicted functional decline in activities of daily living for MCI
subjects over a 2-year period. This result remained significant after controlling for
baseline clinical and functional status, MCI subtype, APOE allele type, and grey matter
and hippocampal volumes (factors indicative of MCI decline). It should be noted that
reduced accuracy at high load was an independent predictor of decline.

Diffusion tensor imaging
Briefly, DTI is a form of diffusion weighted (DW) imaging that acquires DW
images along various orientations in order to calculate a tensor describing the diffusion of
water along three principal axes (e.g., Melhem et al., 2002). Being that the diffusion of
water is affected by the properties of the surrounding environment, DW modalities such
as DTI are well suited to describe such properties; in neuroimaging it is best suited to
describe the white matter (WM), or fiber bundles, of the brain. In the brain it is believed
the greatest impact on diffusion may occur due to the tight packing of fibers and the
inherent properties of the cell membranes (Beaulieu, 2002). Through various
combinations of the eigenvalues (λ1, λ2, and λ3), which describe the strength of diffusion
along the corresponding axis or eigenvector (v1, v2, and v3), several scalar indices of

26

diffusion can be calculated which are thought to describe different properties of the
surrounding WM.
Axial diffusivity (DA) describes the principal eigenvalue (λ1) and is assumed to
contribute information regarding the integrity of axons (Glenn et al., 2003) or changes in
extra-axonal/extracellular space (Beaulieu and Allen, 1994). In contrast, radial diffusivity
(DR) is the average of the two other eigenvalues ([λ2+λ3]/2) and is assumed to
characterize changes associated with myelination or glial cell morphology (Song et al.,
2002, 2003, 2005). Mean diffusivity (MD) is the average of all three eigenvalues and
provides an all-round descriptor of the degree of diffusivity within the region, where
increased diffusivity may indicate decreased WM integrity. Lastly, fractional anisotropy
(FA) indicates how biased, or anisotropic, diffusion is along the primary eigenvector. In
other words, FA is the ratio of the tensor’s anisotropy to the whole tensor (Melhem et al.,
2002), and is used as an index of overall WM health or integrity (Beaulieu et al., 1996),
with reduced anisotropy also being indicative of reduced WM integrity. MD and FA
though, can be greatly affected in regions where there are crossing fibers (Alexander et
al., 2007; Vos et al., 2012), thereby providing an inaccurate description of local diffusion
characteristics

Diffusion tensor imaging in healthy older adults
Evidence of aging-associated brain deterioration due to myelin degeneration has
been found in both non-human primates and humans (Peters et al., 2000; Yakovlev &
Lecours, 1967). It also appears that most of the age-related myelin degeneration occurs in
the frontal lobes, with a spatial gradient of increasing degeneration from posterior to
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frontal regions (Kinney et al., 1988; Sakuma et al., 1991). Several DTI studies have
provided support for this idea. Head et al. (2004) reported that healthy older adults had
decreased FA and increased MD compared to healthy young adults in the anterior and
posterior portions of the corpus callosum, with the anterior callosum exhibiting
significantly greater FA and MD changes. They also reported significant FA and MD
changes in the frontal, temporal, parietal, and occipital lobes of older adults, with
significantly greater FA and MD differences in the frontal lobes and the smallest
differences occurring in the occipital lobes. Similarly, Pfeffebaum et al. (2005)
demonstrated that older adults, as compared to young adults, had significantly more
regions of reduced FA in frontal regions than posterior regions, in both slice-by-slice
profile and ROI analyses. Recently, Davis et al. (2009) showed further support for the
idea of a posterior-anterior gradient of myelin degeneration by demonstrating FA
differences across longitudinal pathways that strictly course through the frontal and
parietal lobes. Specifically, significantly greater differences were evidenced along a
posterior-anterior gradient in the uncinate fasciculus and cingulated bundle, both of
which displayed initial group FA differences.

Diffusion tensor imaging in mild cognitive impairment
WM damage as a result of AD has been well documented through postmortem
examinations, MRI, and volumetric measures (Gold et al., 2007; Kavcic et al., 2008;
Rose et al., 2008; Salat et al., 2009; Yasmin et al., 2008) within various regions,
including the frontal, temporal, and parietal lobes, and the hippocampus; and across
various fiber bundles including the posterior cingulum, uncinate fasciculus, superior
longitudinal fasciculus, and splenium and genu of the corpus callosum (Sexton et al.,
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2011). The differences between MCI and controls and between MCI and AD are much
less clear and tend to be variable (Sexton et al., 2011), possibly reflecting the
heterogeneous nature of the condition. A meta-analysis of DTI studies on MCI and AD
populations which only used ROI based analysis detected large effect sizes for increased
MD in the hippocampus and parietal lobes and decreased hippocampal FA for MCI
individuals compared to controls (Sexton et al., 2011). It should be noted that a
significant degree of heterogeneity was detected in 5 out of 13 group comparisons for FA
in AD and 7 out of 9 group comparisons for FA in MCI; MD only displayed a significant
heterogeneity for 3 out of 8 comparisons for MCI. Such findings not only highlight the
fact that MCI is a neurodegeneratively heterogeneous condition, but also point out the
variability inherent to measures such as FA.
Increased diffusivity in the hippocampus, as measured by MD, and decreased
hippocampal volume have been shown to be predictive of progression to AD for
individuals with aMCI (Schroeter, 2009). Interestingly, adding MD values to a
hippocampal volume model predicting conversion to AD was shown to increase
prognostic accuracy, but the converse was not true. This indicates that hippocampal MD
values may be a better predictor of conversion to AD than some methods of volumetric
hippocampal measurement (Kantarci et al., 2005). Additionally, MTL indices may
differentiate aMCI from naMCI. Both increased MD in the hippocampus (Kantarci et al.,
2009) and reduced FA in the fornix (Zhuang et al., 2010) have been demonstrated in
aMCI when compared to controls, but not in naMCI. Such findings are in agreement with
the idea that aMCI is most prognostic of conversion to AD, commonly associated with
damage to the MTLs. No significant predictors discriminated between naMCI and

29

controls. When compared to each other aMCI and naMCI did not show any differences in
FA values. Pievani et al. (2010) also found significant tract damage in the fornix and the
cingulum bundle in MCI patients. Limbic tract damage may be due to secondary
degeneration and myelin damage as indicated by a greater increase in DR as opposed to
DA. The authors suggest that DA and DR may be potential early biomarkers for AD WM
pathology, since various other studies have reported non-significant differences in FA
and/or MD between MCI subjects and controls.
It appears that even though MD and FA are the two mostly commonly used
indices of diffusion, these two indices, but especially FA, can be problematic because
they are calculated from all three eigenvalues. Previous work has shown that WM
changes in early AD are likely to produce proportional changes along all three
eigenvectors as FA was grossly insensitive to changes that were evidenced through
analysis of DA, DR, and MD (Acosta-Cabronero et al., 2010). Furthermore, Bosch et al.
(2012) found that DR and MD were sensitive to WM changes in AD and aMCI in regions
where FA differences were not detected. Therefore it appears that DTI studies of
microstructural WM changes in MCI may be best served by examining diffusivity
measures rather than FA.
To gain additional insight into the implications of neurodegeneration in MCI and
AD, associations between indices of WM degeneration and cognition should be
established. Currently, correlations between cognitive performance and DTI measures
have been explored a handful of times (e.g., Bosch et al., 2012; Fjell 2009; Heo 2009).
Most of these studies have used the Mini Mental State Examination (MMSE; Folstein et
al., 1975), a brief questionnaire designed to assess various aspects of cognition. Even
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though the MMSE is commonly used in clinical practice to identify AD, it is not as
sensitive to MCI (Nasreddine et al., 2005; Tomabaugh et al., 1992; Wind et al., 1997).
Despite the fact that AD and MCI deficit are traditionally associated with a deficit of
episodic memory (Welsh et al., 1991; 1992), recent evidence suggests that episodic
deficits may actually be preceded by more subtle changes in cognition due to impaired
language, attentional, executive functioning, and WKM abilities (Cuetos et al., 2007;
Grober et al., 2008; Rapp & Reischies, 2005; Storandt, 2008), and that deficits in these
domains are actually characteristic of preclinical AD (Twamley et al., 2006).

Aims
This study had two primary aims. The first aim was to examine whether CWKMS
tasks may serve as suitable neuroimaging paradigms to discover functional
endophenotypic markers of MCI. Behavioral results from CWKMS tasks have already
been shown to discriminate between young and older adults (Bopp & Verhaghen, 2005),
as well as MCI converters from non-converters (Gagnon and Belleville, 2011). The
current study used a multi-modal CWKMS task composed of a visuo-spatial attention
task and a verbal STM task, similar in concept to that used by Chein et al. (2010). This
causes the visuo-spatial task to act as a distractor task and effectively forces the to-beremembered letters from the verbal STM task to be displaced from the focus of attention,
recruiting LTM mechanisms. The constituent tasks were also presented independently.
We expected that if groups performed equally, the MCI group would exhibit
greater activation during encoding and maintenance in the frontal and medial temporal
lobes. This hypothesis is based on the fact that MCI patients show deficits in LTM
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functioning, often associated with MTL dysfunction, and have been shown to display
significant executive deficits (Grober et al., 2008; Rapp et al., 2005; Saunders &
Summers, 2011), often associated with frontal regions (Grambaite et al., 2011). Increased
activation would be consistent with compensatory views of functional activation and with
the fact that MCI patients often exhibit WM-related differences across many of these
regions. Following Kochan et al. (2010), who had MCI patients perform a graded WM
challenge, it was expected that participants with MCI would also exhibit reduced PPC
activation in comparison to healthy older adults during encoding and maintenance due to
the high load induced by the CWKMS task. The use of CWKMS tasks during functional
imaging of MCI is a novel endeavor and may also reveal novel patterns or biomarkers of
functional activation in those with MCI. Lastly, we also hypothesized that the MCI group
would exhibit significantly greater activation in the MTLs and PFC during CWKMS
recall.
The second aim of the current study was to examine whether different cognitive
processes as measured by RBANS index scores were sensitive to WM degeneration
occurring in MCI. Based on the cognitive impairments evidenced in MCI, it was
expected that immediate memory (IM), delayed memory (DM), attention (ATT), and
language (LAN) scores will be correlated with diffusivity indices (DA, DR, and MD) in
areas of WM degeneration. Specifically: 1) Diffusivity indices of the hippocampus
should negatively correlate with DM scores. 2) DM, IM, and ATT indices, whose subtests all appear to rely on some aspect of WKM functioning, will likely be negatively
correlated with diffusivity indices in fasciculi connecting frontal and parietal cortices, as
these regions are typically associated with WKM functioning (Badre & Wagner, 2007;
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Buckner & Wheeler, 2001; Cavanna & Trimble, 2006; Wager & Smith, 2003). The most
prominent fasciculi extending between these regions are the superior longitudinal
fasciculus (SLF) and the fronto-occipital fasciculus (FOF). 3) LAN scores, which are
heavily dependent of semantic fluency, will likely be negatively correlated with WM
diffusivity indices in WM pathways coursing through the temporal lobe, as it is involved
in speech production, language processing, and object fluency (Fama et al., 2000;
Hickok, 2001; Hickok, 2009; Levelt et al., 1998).
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CHAPTER 2
METHODS
Participants
In total, 52 older adults were recruited from the surrounding Athens area through
newspaper advertisements and community engagement. Community interactions included
giving “Brain Health” talks at various private and public organizations and centers,
including assisted living facilities, caregiver support groups, and the Athens-Clarke
county public library. Following these talks participants were informed of the details of
the study and were given flyers with the appropriate contact information.
Of the 52 participants who were recruited for the study, 40 (24 controls, 16 MCI)
were included in the current analyses; 6 participants were identified with AD and 6
participants were not able to complete the entire MR scanning protocol.

Inclusion Criteria
Before partaking in the study, participants underwent an initial phone screen.
Inclusion criteria included compatibility with the MRI environment, between 65 – 85
years of age, confirmation of a reliable collateral, literate, and no history of a
neurological disorder. Participants who enlisted in the study were screened once more
upon arriving on the first day of testing. Upon completion all were given $100 for
participation. Additionally, upon their or the collateral’s request a contact sheet with
referral sources for a neuropsychological exam was provided.
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Measures
Participants and collaterals were interviewed with the Clinical Dementia Rating
(CDR) scale, a semi-structured interview designed to assess an individual’s level of
dementia-related impairment. The CDR obtains collateral-based information regarding
the individual being assessed, in this case the participant, and also asks the collateral to
recall and detail two recent events in order to test the participant’s LTM. Information
acquired from both parties is divided into six domains: memory, orientation, judgment
and problem solving, community affairs, home and hobbies, and personal care (Hughes et
al., 1982). Each domain is scored individually on a five-point dementia impairment scale
(i.e., 0.0 none, 0.5 questionable, 1.0 mild, 2.0 moderate, 3.0 severe), except personal care,
which is scored on a four-point scale (i.e., 0.0 none, 1.0 mild, 2.0 moderate, 3.0 severe),
using a set of criteria and clinical judgment. Scores are tallied based on an algorithm
(Morris, 1993) to arrive at a Global CDR score. The global score is also assessed on the
above five-point scale and indicates degree of dementia (Morris, 1997). The diagnosis of
MCI has been supported by a CDR global score of 0.5 (Morris, 1993), but the use of this
criteria has been debated as those with very mild dementia may be grouped into the same
category. An alternative staging guideline which has been shown to have good sensitivity
and specificity is to assess the sum of boxes (SB) scores of the CDR (O’Bryant et al.
2008; 2010). Using this guideline, those with a GS of 0.5 and SB scores of 0.5-2.0 are
classified as questionable dementia or MCI, while those with a GS of 0.5 and SB scores
of 2.5-4.0 are classified as very mild dementia. The MCI sample for the current study had
a GS of 0.5 and an SB average of 1.16.
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Participants were also administered several cognitive measures as part of a larger
study, most of which were not specific to the current study. The RBANS (Randolph,
1998) was the only neuropsychological exam pertinent to the current analyses and is
described below.
The RBANS is a comprehensive 30-minute battery designed for longitudinal
assessment of an individual’s neuropsychological status. It contains 12 subtests which
generate 5 index scores and a total score. Indices include immediate memory,
visuospatial/constructional, language, attention, delayed memory and total scale.
Reliability and validity tests for the RBANS can be found in Randolph (1998), but will be
described here. The RBANS was standardized on a sample of 540 adults, divided into six
age groups: 20-39, 40-49, 50-59, 60-69, 70-79, and 80-89. Sex and race/ethnicity for each
sample age group were proportionate to the levels indicated by the U.S. Census report of
1995; education level was broken up into three levels of education: less than high school,
high school, and greater than high school. The average reliability coefficient for each
index across age groups was: Total = .94, immediate memory = .88,
visuospatial/constructional = .80, attention = .85, language = .82, and delayed memory =
.83. Convergent and divergent construct validity of the RBANS was established based on
patient groups. Comparisons between various well known neuropsychological measures
demonstrated the RBANS correlated highly with most of these measures; correlations
exhibiting low Pearson’s r were likely due to the sample sizes used and some of the
RBANS indices exhibiting higher sensitivity to impairment. The RBANS has shown high
levels of sensitivity and specificity to AD (Duff et al., 2008), and has been reported to
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have strong specificity but low sensitivity to MCI (Duff et al., 2010). This latter finding is
not surprising being that MCI is such a heterogeneous syndrome.

Task and Stimuli
Participants performed three separate fMRI runs, each with a different active task
(Fig. 2.1). In order of presentation they were: a visuo-spatial attention (VSA) task, a
verbal STM task, and CWKMS task. The CWKMS task is the combination of the VSA
and verbal STM tasks. Each run had the same active baseline to account for motor
responses during the tasks. During each run only the right index finger was used to
respond. During the baseline participants responded to the presentation of a right pointing
arrow presented to the right of a fixation cross. The arrow was presented for 4.5 s with an
inter-stimulus interval (ISI) of 2.25 s; the fixation cross remained on the screen during the
ISI.
During the VSA task participants were presented with a fixation cross around
which dots of different colors were randomly presented one at a time in any of the four
cardinal orientations. The possible colors were red, green, yellow, and blue, and the
object of the task was to manually respond when the dot was red. Dot trials were
presented for 4.5 s, while the ISIs lasted for 2.25 s.
During the verbal STM task participants were presented with 4 letters, each for
2.25 s. Participants were asked to remember the letters in the presented order. During the
letter ISI participants were presented with a right pointing arrow which they responded to
with a button press, arrow presentation lasted for 4.5 s. Proceeding the letter presentation
block, there was a letter array recognition block with four separate arrays; each array was
presented for 3.75 s. Participants responded when they were presented with an array
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displaying the previously remembered letters in the correct order. The correct array could
have been presented more than once or not at all.
As previously stated, the CWKMS task consisted of a combination of the VSA
and STM tasks. The presentation of each letter alternated with the presentation of the
VSA task. Timing for the task was kept the same as the component tasks; each letter was
presented for 2.25 s and the attention trials lasted 4.5 s. After the complex block
participants were presented with letter arrays as in the STM and also responded to the
correct letter sequence. A detailed presentation scheme is shown in figure 2.1. Note that a
3 s cue was presented before the baseline block and a 6 s cue was presented before the
task and recall blocks. Tasks were designed in E-Prime v 2.0 (Psychology Software
Tools, Pittsburgh, PA).

Imaging Procedure
Participants initially practiced each task by viewing them on a computer monitor
and tapping their finger to the appropriate response as they would with the response pads
in the MRI unit. Participants practiced the task until the investigator acknowledged they
were performing the task appropriately. After practice, participants were placed in the
MRI scanner. Participants initially underwent a 3D high resolution structural scan after
which they then performed 1 run of each of the 3 tasks. Following completion of these
tasks, participants underwent several other scans, including the DTI scan and phase map
acquisition. The task was presented through MRI compatible goggles (Resonance
Technology Inc., Northridge, CA.), participants responded through Cedrus Lumina
LU400 MRI compatible response pads (Cedrus, San Pedro, CA.) by using their index and
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middle fingers, and responses and reaction times (RTs) were recorded by E-Prime.
Behavioral data was acquired during all 3 runs in the scanner.

MRI Acquisition
All scans were acquired using a General Electric (GE; Waukesha, WI) Signa HDx
3T MRI. 3D structural scans were acquired using a fast spoiled gradient recalled echo
(FSPGR) protocol; TE = min full, TR = 7.5 ms, flip angle = 20°, 180 axial slices, slice
thickness = 1 mm, and FOV = 256 x 256 mm. These images covered from the top of the
head to the brainstem and acquisition took approximately 6 min 20 s. FMRI scans were
acquired using a T2*-weighted single shot echo planar imaging (EPI) sequence and were
aligned to the intercommisural line (AC-PC line); TE = 25 ms, TR = 1500 ms, 90° flip
angle, 30 interleaved slices, acquisition matrix = 64x64, spacing = 0 mm, slice thickness
= 4 mm, FOV = 240 x 240 mm, and ASSET factor = 2. Functional images covered the
entire cortical surface and a portion of the cerebellum. The VSA run lasted for 5 min and
45 s, while the verbal STM and CWKMS runs lasted for 7 min and 15 s.
Diffusion weighted imaging (DWIs) scans were acquired using a single-shot
diffusion-weighted SE-EPI sequence following the same orientation and anatomical
coverage of the functional scans; TE = min full, TR = 15000 ms, 90° flip angle, 60
interleaved slices, slice gap = 0 mm, 2 mm isotropic voxels, acquisition matrix = 128 x
128, FOV = 256 x 256 mm, parallel acceleration factor = 2, b-value: 1000, and 30
optimized gradient directions with 3 b0 images. Total scan time for the DTI acquisition
was 9 min and 38 s. In between fMRI and DTI acquisition two pairs of magnitude and
phase images were acquired for fieldmap-based unwarping of fMRI and DW images;
TE1 = 5.0 ms and TE2 = 7.2ms, TR = 750 ms, 60 slices, slice gap = 0 mm, 2mm
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isotropic voxels, acquisition matrix = 128 x 128, and FOV = 256 x 256 mm. acquisition
for each pair of images took 1 min 40 s. Including participant and scanner-prep time, and
other functional scans the participants underwent, total scan time was approximately 1 h
and 15 min.

Data Analysis
All fMRI and DTI data were processed using the FMRIB Software Library (FSL;
Smith et al., 2004; Woolrich et al., 2009). Before MRI data sets could be analyzed they
were converted from their native GE DICOM format to NIFTI format using the dcm2nii
conversion tool (Rorden, 2007). After conversion, fieldmaps calculated to correct the
inherent distortion in both the fMRI and DWIs. Fieldmaps were made by: 1) adjusting the
values of the phase maps (phase map 1 & 2) to have a range of [-pi, pi], 2) unwrapping
(adjusting the values such that they are continuous) the phase maps using FSL’s
PRELUDE algorithm (Jenkinson, 2003), 3) calculating the fieldmap by subtracting phase
map 2 from phase map 1 and dividing by the difference in echo times, 4) and finally
denoising the fieldmap using FUGUE algorithm (Jenkinson, 2003).

FMRI
FMRI pre-processing consisted of the following steps. Brain extracting the
anatomical and functional images using the Brain Extraction Tool (BET; Smith, 2002);
motion correction using the Motion Correction FMRIB Linear Registration Tool
(MCFLIRT; Jenkinson et al., 2002); slice time correction; fieldmap correction;
smoothing using a 6 mm isotropic FWHM Gaussian kernel; application of a high-pass
temporal filter, calculated at 63 s for the VSA (duration of baseline and task blocks,
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including cues) task and 81 s for the STM and CWKMS tasks (duration of baseline, task,
and recall blocks, including cues); and prewhitening data to remove temporal autocorrelations.
In order to more accurately identify task-induced BOLD responses, each run’s
time course was convolved with a double-gamma hemodynamic response function in the
first-level analyses. Additionally, head motion parameters estimated from MCFLIRT
were added as regressors to each run to aid in removing signal artifacts due to motion.
The contrast of interest for each run was task – baseline. For the verbal STM and
CWKMS tasks the recall portion was also contrasted against baseline. Results were
normalized to the standard MNI space 91x109x91 by warping them to the 3D anatomical
and then applying low dimensional non-linear warp parameters calculated from nonlinearly warping (mm warp resolution) the 3D anatomical to MNI space.
Within group contrasts were performed using a fixed effects model. Contrasts of
interest included all three tasks minus each respective baseline, CWKMS – VSA,
CWKMS and verbal STM recall – baseline, and CWKMS – verbal STM recall. Between
group comparisons were performed using a mixed effects model and FLAME 1 + 2.
Contrasts of interest included controls (CON) – MCI and MCI – CON for each task –
baseline, CWKMS – VSA, CWKMS recall – baseline, verbal STM recall – baseline, and
CWKMS recall – verbal STM recall. Cluster based thresholding was implemented for all
fMRI statistical analyses.
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DTI
DWI images were pre-processed by applying the FMRIB Diffusion Toolbox
(FDT; Behrens et al., 2003) eddy current correction tool, motion corrected using the first
b0 image as a reference, brain extracted using BET, and then distortion corrected using
the calculated fieldmaps. Diffusion tensors were then estimated using DTIFIT.
To enhance the ability to detect diffusivity differences in MCI, Tract-Based
Spatial Statistics (TBSS; Smith et al., 2006) were employed. TBSS attempts to alleviate
many of the problems associated with standard voxel-based approaches by initially
optimizing registration of the FA images to standard MNI space. For this study, the
subject most representative of the entire sample was identified by TBSS and used as an
initial target image for the rest of the sample, this image was then affine registered to
MNI space. The remaining FA images were then transformed to MNI space by
combining the non-linear warp used to register them to the initial target image with the
affine transformation of the target image to MNI space. TBSS further attempts to correct
for subject mis-registration and consequent variability by producing a mean FA image
and skeletonizing it. Each subject’s FA data are skeletonized by projecting the nearest
maximum FA values onto the skeleton.
Analyses of the skeletonized images were carried out using FSL’s Randomise
(Nichols and Holmes, 2002), which performs nonparametric, permutation based testing.
In order to enhance detection of diffusivity differences between groups threshold-free
cluster-enhancement (TFCE; enhanced for diffusion data) was employed. TFCE relies on
neighborhood information, like cluster based thresholding, but is thought to be superior
as an initial cluster threshold does not have to be set thereby minimizing the problem of
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overlooking the true signal. For each instance of Randomise, 5,000 permutations were
run. After the t-statistics are calculated at each voxel, the appropriate TFCE p-values are
calculated for each voxel. Any significant differences were identified by voxels where
p<0.05. For each group, DA, DR, and MD were separately correlated with each index
score of the RBANS and the total score. Between group comparisons aimed to identify
whether the RBANS indices were sensitive to unique MCI-related white matter
degeneration. This was achieved by testing for the interaction effect between group and
each index score.

Power Analysis
To determine the necessary sample size for this study, Z-scores from a WKM
fMRI study comparing MCI and controls (Yetkin et al., 2006) were used as a basis for
conversion to Cohen’s d. Only Z-scores from ROIs pertinent to the hypotheses were
examined. From these the lowest Z-score was taken, as this would provide the most
conservative estimate of the sample size needed to realize significant differences in the
ROIs. The right middle frontal gyrus, part of the DLPFC, exhibited the lowest Z-score,
2.63. This score was converted to a Pearson’s r using the formula, r = Z/(N)1/2. The
resulting r, 0.637869, was converted to Cohen’s d using the formula, d = 2r/(1-r2)1/2. This
resulted in a d of 1.65649. Lastly, G*Power 3 (Faul et al., 2007) was used to calculate the
appropriate sample sizes for the groups. Parameters for G*Power were: a-priori analysis,
t-tests for independent means (two groups), one-tailed, α = 0.05, and power (1 – β) =
0.95. The power analysis calculated that a sample size of 9 would be needed for each
group.
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Figure 2.1. Depiction of distractor, verbal STM, and CWKMS task. For all tasks the
baseline block is identical, participants are presented with a cue indicating the start of the
baseline block and then have to press when they see the right-pointing arrow, A.
Distractor task. Participants are cued to the start of the block by the word “DOTS” and
then have to press when they see a red dot. B. Verbal STM. Participants are cued to the
start of the block by the word “LETTERS.” They have to remember the letters presented
(total of 4) in the order of presentation and must press when they see an arrow. C.
CWKMS task. Participants are cued to the start of the block by the word “COMPLEX.”
As in the previous trial they must remember the letters in order of presentation, but in
between each letter presentation they must now attend to the presentation of a red dot. D.
Array. Participants are cued to the start of the block by the word “ARRAY.” The
array/retrieval condition follows both the verbal STM and CWKMS tasks. Participants
must identify which of the arrays accurately represents the order of presentation of the
letters. Please refer to the Task and stimuli section in the methods for further details.

69

CHAPTER 3
SUPERIOR TEMPORAL GYRUS HYPER-ACTIVATION AS A NOVEL
BIOMARKER OF MILD COGNITIVE IMPAIRMENT1

Faraco, C.C., Puente, A.N., Brown, C., Terry, D.P., and Miller, L.S. To be submitted to
Neuropsychologia
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Abstract
Memory dysfunction in mild cognitive impairment (MCI) is primarily associated
with episodic memory deficits linked to deterioration of the medial temporal lobes
(MTLs). Current suggested criteria for the diagnosis of MCI call for the discovery of
novel biomarkers. Functional activation differences in MCI during memory-task
performance are often evidenced in the MTLs, and frontal and parietal lobes, but it has
been suggested that examination of working memory (WKM) differences may be more
useful in detecting MCI. In the current study, MCI and control participants performed a
complex WKM span (CWKMS) task while functional magnetic resonance imaging
(fMRI) data was acquired. Results indicated hyper-activation of the superior temporal
gyrus (STG), MTLs, and the insula during encoding and maintenance, and
hyperactivation of the STG, MTLs, insula, and ventromedial frontal and anterior
cingulated cortices during recall for the MCI participants. MTL differences are consistent
with previous findings, but such localized differences in the STG are quite novel. Hyperactivation of the STG during WKM encoding and maintenance suggests that long-term
phonological mechanisms associated with regions of the STG are necessary to maintain
items in the focus attention. Increased recruitment of these mechanisms for the MCI
patients suggests that may be attempting to compensate for poor encoding abilities that
may partly resulted from MTL neurodegeneration. Therefore, hyper-activation of the
STG during WKM encoding and maintenance, and/or recall is a possible novel biomarker
of MCI.
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Introduction
In the aging population significant declines in cognitive abilities often result from
dementing processes, of which the most common is Alzheimer’s disease (AD). Of the
13.9% of individuals over the age of 70 undergoing a dementing process, AD has been
estimated to account for nearly 70% of cases (Plassman et al., 2007). Preceding the
period of readily observable and increasing deficits seen in dementia is a period of
modest, but observable clinical impairment often termed mild cognitive impairment
(MCI). Clinic-based estimates indicate 10-15% of those with a primary memory deficit,
known as amnestic MCI (a-MCI), convert to AD annually (Roach, 2005), while
population based estimates report conversion rates of 5-10% (DeCarli, 2003; Panza et al.,
2005).
As with AD, memory impairments in MCI are mainly attributed to deterioration
of the medial temporal lobes (MTLs), a region clearly associated with long term memory
formation and consolidation (Milner, 1972; Squire et al., 2004). Structural magnetic
resonance imaging (MRI) studies have revealed increased MTL atrophy in MCI
compared to healthy controls (Colliot et al., 2008; Du et al., 2001; Killiany et al., 2002;
Wolf et al., 2001), especially in those who later convert to neurodegenerative forms of
dementia such as AD (Meyer et al., 2005). Diffusion imaging studies have found
decreased fractional anisotropy and increased mean diffusivity in the hippocampus
(Fellgiebel et al., 2004; Kantarci et al., 2009; Zhuang et al., 2010), both indicative of
compromised structural integrity. Accordingly, many memory-based functional MRI
(fMRI) studies of MCI typically find increased blood oxygen level-dependent (BOLD)
responses in the MTLs (e.g., Celone et al., 2006; Dickerson et al., 2005; Johnson et al.,
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2006; Miller et al., 2008; Yetkin et al., 2006). The MTLs are not the only regions in
which activation differences are found; differences are also often found in frontal and
parietal regions (e.g., Machulda et al., 2003; Yetkin et al., 2006). Thus, the current
research criteria for MCI emphasize the discovery of reliable biomarkers, especially
imaging based biomarkers indicative of neuronal injury, which may allow for the preclinical diagnosis of AD (Albert et al., 2011).
While many memory studies of MCI have focused on episodic memory
impairment, it has been suggested that examination of working memory (WKM) related
changes may be more useful in detecting MCI (Gagnon and Belleville, 2011). WKM is
defined as a capacity-limited system which is integral to the maintenance and
manipulation of items in the focus of attention and to the storage and retrieval of items in
long term memory (LTM; Baddeley & Hitch, 1974; Broadbent, 1958; Cowan, 2005;
McElree, 2006; Unsworth & Engle, 2007a). The WKM system is also crucial in
maintaining information in the focus when attentional control is necessary to override
automatic responses (Unsworth & Engle, 2007b). This indicates the WKM system is
closely intertwined with aspects of executive functioning; specifically, WKM capacity, or
the ability to maintain information in the focus of attention and exchange information
between the focus and LTM, is limited by the individual’s level of attentional control
(Cowan 2005; Unsworth & Engle, 2007b). The aim of the present study was to examine
WKM related BOLD signal differences in MCI to determine whether they may be useful
biomarkers for the detection of MCI.
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Working memory in mild cognitive impairment
Even though WKM impairments in AD are readily observed and have been well
documented (e.g., Baddeley at al., 1986; Baddeley et al., 1991), relatively few studies
have directly investigated WKM functioning in those with MCI (Alescio-Lautier et al.,
2007; Belleville et al., 2007; Belleville et al., 2008; Brandt et al., 2009; Kessels et al.,
2010; Saunders & Summers, 2011). Findings do indicate significant impairments in
attention, executive functioning, and both verbal and visual WKM in MCI. For example,
Belleville et al. (2007) observed MCI patients were impaired on verbal recall during both
a dual task and when no interference was presented, indicating difficulty in maintaining
items in the focus of attention. Similarly, Alescio-Lautier et al. (2007) reported that MCI
patients were significantly impaired on visual and visuospatial WKM after a 30s delay
with or without a distractor task presented before the probe image. Brandt et al. (2009)
found that all MCI subtypes exhibited WKM and planning/problem solving deficits.
Kessels et al. (2010) reported deficits in bound information (e.g., object-location) in MCI
patients, especially for high-load conditions. Lastly, Saunders and Summers (2011)
reported deficits in a-MCI and non-amnestic MCI across a number of domains including
attention, spatial WKM, and visuospatial span.
One type of WKM task that may be useful in distinguishing MCI-to-AD
converters from non-converters are the complex WKM span (CWKMS) tasks. CWKMS
tasks require the concurrent processing of irrelevant and to-be-remembered information,
and therefore, a high degree of executive attentional control (Conway et al., 2003; Engle
et al., 1999; Kane et al., 2004; Kane et al., 2007). Given that the to-be remembered
information is properly encoded, it may be placed into LTM to accommodate the
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processing of irrelevant information and may then be retrieved as necessary (Kane et al.,
2007). The process of retrieval from LTM is performed through a controlled search for
the appropriate items (Unsworth & Engle, 2007b). The high degree of executive
attentional-control and access to LTM required to perform CWKMS tasks make them
valuable tools to assess those with MCI, as they have been shown to display deficits in
both domains.
To date, only one study has utilized CWKMS tasks to examine WKM in persons
with MCI. Gagnon and Belleville (2011) found that by varying the retention interval they
could differentiate MCI-to-AD converters from non-converters, information not gleamed
from the other neuropsychological measures which were administered. CWKMS tasks
have also proven to be sensitive to WKM impairment in healthy individuals carrying the
apolipoprotein ε4 allele, a genetic risk factor for AD, while simple span tasks were not
(Rosen et al., 2002). Additionally, CWKMS tasks are more sensitive to verbal memory
span deficits in healthy, older adults than simple span tasks (Bopp & Verhaghen, 2005).

Functional neuroimaging of working memory in mild cognitive impairment
While functional imaging studies of WKM in MCI are extremely limited, there
have been studies of related cognitive processes in MCI. In general, neuroimaging studies
of memory comparing MCI patients to healthy controls or those with AD often detect
activation differences in frontal, parietal, and MTL regions. (e.g., Bokde et al., 2010;
Hampstead et al., 2011; Kircher et al., 2007; Kochan et al., 2010; Kochan et al., 2011;
Machulda et al., 2003; Yetkin et al., 2006). Likely due to the various paradigms used
across studies and the heterogeneous nature of and performance differences seen in MCI,
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the direction of activation differences are not necessarily consistent. For example, in one
of the earliest fMRI memory studies on MCI patients, Machulda et al. (2003) found that
during encoding of a visual scene, MCI and AD subjects displayed reduced MTL
activation as compared to controls. Hampstead et al. (2011) also detected reduced MTL
activity during encoding and storage. Conversely, using a visual WKM paradigm, Yetkin
et al. (2006) found that MCI subjects exhibited greater right parahippocampal gyrus
activation than AD patients and controls, while AD patients exhibited greater left
parahippocampal gyrus activity than both MCI subjects and controls. Kircher et al.
(2007) demonstrated that successful encoding in MCI is associated with increased
hippocampal activation compared to controls. In a longitudinal study, Miller et al. (2008)
found that increased hippocampal activity during memory tasks is predictive of incipient
cognitive decline and suggest its use as a biomarker of MCI. This fits well with the idea
that MCI patients are engaging compensatory mechanisms in order to attempt to maintain
a pre-morbid level of functioning. In other words, because AD pathology is thought to
initially have its most notable effects on the MTLs, increased activity in this region
during initial neurodegeneration (during MCI) is thought to help maintain pre-morbid
functioning.
Kochan and colleagues (2010; 2011), however, have suggested the use of loadvaried functional activation patterns in regions other than the MTLs as a biomarker for
MCI. Kochan et al. (2010) indicated that community dwelling MCI subjects show
increased activation in the anterior cingulate cortex (ACC) and precuneus during
encoding of lower load conditions as compared to healthy older adults. During the high
load condition MCI subjects displayed decreased activation in these regions during
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encoding and demonstrated a greater degree of hypoactivation in a posterior cingulate /
medial precuneus region. Kochan et al. (2011) further demonstrated that greater load
induced deactivation in the posteromedial cortex (medial precuneus, posterior cingulate,
and retrosplenial cortex) significantly predicted functional decline in activities of daily
living for MCI subjects over a 2-year period.
Similar effects of load are seen in activation pattern differences between two
separate studies. In a verbal delayed match to sample task (Bokde et al., 2010), where
participants were asked to remember 5 letters, a-MCI patients displayed greater frontal,
temporal, and inferior parietal activation during encoding and maintenance compared to
their performance matched controls. When subjects were asked to remember 5 objectlocation associations, a much higher load, an overall reduction of brain activity in MCI
subjects was detected during encoding (Hampstead et al., 2011). Furthermore, it was
shown that regions activated across various phases of the task were much more similar
for the MCI group than controls. The authors suggest that along with the fact those with
MCI did not recruit dorsolateral prefrontal cortex (DLPFC) throughout the task, these
findings further support the idea that impaired WKM functioning in MCI may result from
impaired executive abilities.

Current study
As previously stated, CWKMS tasks have been shown to be more sensitive to
cognitive deficits than simple span tasks in healthy older adults (Bopp & Verhaghen,
2005), sensitive to deficits in apolipoprotein ε4 carriers (Rosen et al., 2002), and
prognostic of conversion to AD in an MCI sample not differentiable by other measures
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(Gagnon & Belleville, 2011). The goal of the current study was to examine whether
functional activation in MCI patients in response to a CWKMS task would provide novel
insight regarding the emergence of cognitive deficits in MCI. This is the first study that
we are aware of to use CWKMS tasks while acquiring BOLD data from those with MCI.
CWKMS tasks consist of an encoding and maintenance phase, and a separate
recall phase. Therefore, BOLD signal differences were examined during each of these
phases, with the encoding and maintenance phase being of most interest; it has been
established that MCI and AD patients display deficits in recall, but there is evidence that
the primary memory deficit in AD may be one of encoding (Germano & Kinsella, 2005;
White & Ruske, 2002). Previous neuroimaging studies using CWKMS tasks have shown
that CWKMS encoding and maintenance requires the recruitment of the DLPFC,
ventrolateral prefrontal cortex (VLPFC), ACC, inferior parietal lobule (IPL), superior
parietal lobule (SPL), precuneus, hippocampus, and even the insula (Chein et al., 2010,
Faraco et al., 2011; Kondo et al., 2004). Recall, or controlled retrieval, of information has
been shown to elicit greater activation in the MTL and PFC as compared to a storage only
or STM condition. We expected that if groups performed equally, the MCI group would
exhibit greater activation during encoding and maintenance in the frontal and medial
temporal lobes. This hypothesis is based on the well-known fact that MCI patients show
deficits in LTM functioning (Albert et al., 2011; Petersen et al., 2001), often associated
with the MTLs, and have been shown to display significant executive deficits (Belleville
et al., 2007; Brandt et al., 2009; Saunders & Summers, 2011), often associated with
frontal regions. Increased activation would be consistent with compensatory views of
functional activation and evidence that MCI patients exhibit WKM-related differences
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across many of these regions. Following Kochan et al. (2010), who had MCI patients
perform a graded WKM challenge, we expected that participants with MCI would also
exhibit reduced PPC activation in comparison to healthy older adults due to the high load
induced by the CWKMS task. Since the goal of the current study was to find novel
biomarkers of MCI by implementing a CWKMS task, we also expected to find functional
activation differences in regions not typically associated with MCI dysfunction. Lastly,
we also hypothesized that the MCI group would exhibit significantly greater activation in
the MTLs and PFC during CWKMS recall.

Methods
Participants
In total, 52 older adults were recruited from the local community through
newspaper advertisements and community engagement. Community interactions included
giving “Brain Health” talks at various private and public organizations and centers,
including assisted living facilities, caregiver support groups, and the local public library.
Following these talks participants were informed of the details of the study and were
given flyers with the appropriate contact information.
Of the 52 participants that were recruited for the study, 40 (24 controls, 16 MCI)
were included in the current analyses; 6 participants were identified with AD and 6
participants were not able to complete the entire MR scanning protocol.

79

Inclusion criteria
Before partaking in the study, participants underwent an initial phone screen.
Inclusion criteria included compatibility with the MRI environment, between 65 – 85
years of age, confirmation of a reliable collateral, literate, and no self-reported history of
a neurological disorder. Participants who enlisted in the study were screened once more
upon arriving on the first day of testing. Upon completion all were given $100 for
participation. Additionally, upon their or the collateral’s request a contact sheet with
referral sources for a clinical cognitive assessment was provided.

Measures
Participants and collaterals were interviewed with the Clinical Dementia Rating
(CDR) scale, a semi-structured interview designed to assess an individual’s level of
dementia-related impairment. The CDR obtains collateral-based information regarding
the individual being assessed, in this case the participant, and also asks the collateral to
recall and detail two recent events in order to test the participant’s LTM. Information
acquired from both parties is divided into six domains: memory, orientation, judgment
and problem solving, community affairs, home and hobbies, and personal care (Hughes et
al., 1982). Each domain is scored individually on a five-point impairment scale (i.e., 0.0
none, 0.5 questionable, 1.0 mild, 2.0 moderate, 3.0 severe), except personal care, which is
scored on a four-point scale (i.e., 0.0 none, 1.0 mild, 2.0 moderate, 3.0 severe), using a
set of criteria and clinical judgment. Scores are tallied based on an algorithm (Morris,
1993) to arrive at a Global CDR score. The global score is also assessed on the above
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five-point scale and indicates degree of dementia (Morris, 1997). The diagnosis of MCI
has been supported by a CDR global score of 0.5 (Morris, 1993).

Task and stimuli
Participants performed three separate runs, each with a different active task (Fig.
3.1). In order of presentation they were: a visuo-spatial attention (VSA) task, a verbal
STM task, and CWKMS task. The CWKMS task was a combination of the VSA and
verbal STM tasks. Each run had the same active baseline to account for motor responses
during the tasks. During each run only the right index finger was used to respond. During
the baseline blocks of each run participants responded to the presentation of a right
pointing arrow presented to the right of a fixation cross. The arrow was presented for 4.5
s with an inter-stimulus interval (ISI) of 2.25 s; the fixation cross remained on the screen
during the ISI.
During the VSA task participants were presented with a fixation cross around
which dots of different colors were randomly presented one at a time in any of the four
cardinal orientations; the possible colors were red, green, yellow, and blue. The object of
the task was to manually respond when the dot was red. Dot trials were presented for 4.5
s, while the ISIs lasted for 2.25 s. During the verbal STM task participants were presented
with 4 letters, each for 2.25 s. Participants were asked to remember the letters in the
presented order. During the letter ISI participants were presented with a right pointing
arrow which they responded to with a button press, arrow presentation lasted for 4.5 s.
Proceeding the letter presentation block, there was a letter recognition block with four
separate arrays; each array was presented for 3.75s. Participants responded when they
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were presented with an array displaying the previously remembered letters in the correct
order. The correct array could have been presented one or more times, or not at all. As
previously stated, the CWKMS task consisted of a combination of the attention and STM
tasks. The presentation of each letter alternated with the presentation of the attention task.
Timing for the task was kept the same as the component tasks; each letter was presented
for 2.25 s and the attention trials lasted 4.5 s. After the complex block participants were
presented with letter arrays as in the STM and also responded to the correct letter
sequence. Note that a 3 s cue was presented before the baseline block and a 6 s cue was
presented before the task and recall blocks.. Tasks were designed in E-Prime v 2.0
(Psychology Software Tools, Pittsburgh, PA).

Imaging procedure
Participants initially practiced each task by viewing them on a computer monitor
outside the scanner and tapping their finger to the appropriate response as they would
with the response pads in the MRI unit. Participants practiced the task until the
investigator verified they performed the three recall blocks in the practice run correctly;
participants indicated one correct array in the first block, none in the second block, and
two in the third block. After practice, participants were placed in the MRI scanner.
Participants initially underwent a 3D high resolution structural scan after which they then
performed 1 run of each of the 3 tasks. Task were presented through MRI compatible
goggles (Resonance Technology Inc., Northridge, CA.), participants responded through
Cedrus Lumina LU400 MRI compatible response pads (Cedrus, San Pedro, CA.) by
using their right index finger, and responses and reaction times (RTs) were recorded by
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E-Prime. Behavioral data were acquired during all 3 runs in the scanner.
MRI acquisition
All scans were acquired using a General Electric (GE; Waukesha, WI) 3T Signa
HDx MRI system. 3D structural scans were acquired using a fast spoiled gradient
recalled echo (FSPGR) protocol; TE = min full, TR = 7.5 ms, flip angle = 20°, 180 axial
slices, slice thickness = 1 mm, and FOV = 256 x 256 mm. These images covered from
the top of the head to the brainstem and acquisition took approximately 6:20. FMRI scans
were acquired using a T2*-weighted single shot echo planar imaging (EPI) sequence and
were aligned to the intercommisural line (AC-PC line); TE = 25 ms, TR = 1500 ms, 90°
RF pulse, 30 interleaved slices, acquisition matrix = 64x64, spacing = 0 mm, slice
thickness = 4 mm, FOV = 240 x 240 mm, and ASSET factor = 2. Functional images
covered the entire cortical surface and a portion of the cerebellum. The attention run
lasted for 5 min and 45 s and consisted of 230 volumes, while the verbal STM and
CWKMS runs lasted for 7 min and 15 s and consisted of 290 volumes. Two pairs of
magnitude and phase images were acquired for fieldmap-based unwarping of the fMRI
images; acquisition for each pair of images took 1 min and 40 s.

Data analysis
All fMRI data were processed using the FMRIB Software Library (FSL; Smith et
al., 2004; Woolrich et al., 2009). Before analyses, data were converted from their native
GE DICOM format to NIFTI format using the dcm2nii conversion tool (Rorden, 2007).
After conversion, fieldmaps were produced to correct for the inherent distortion of the
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echo planar images. Fieldmaps were calculated using FSL’s PRELUDE and FUGUE
(Jenkinson, 2003) programs.
FMRI pre-processing consisted of the following steps. Brain extracting the
anatomical and functional images using the Brain Extraction Tool (BET; Smith, 2002);
motion correction using the Motion Correction FMRIB Linear Registration Tool
(MCFLIRT; Jenkinson et al., 2002); slice time correction; fieldmap correction;
smoothing using a 6 mm isotropic FWHM Gaussian kernel; application of a high-pass
temporal filter, calculated at 63 s for the VSA (duration of baseline and task blocks,
including cues) task and 81 s for the STM and CWKMS tasks (duration of baseline, task,
and recall blocks, including cues); and prewhitening data to remove temporal autocorrelations, and prewhitening data to remove temporal auto-correlations.
In order to more accurately identify task-induced BOLD responses, each run’s
time course was convolved with a double-gamma hemodynamic response function in the
first-level analyses. Additionally, head motion parameters estimated from MCFLIRT
were added as regressors to each run to aid in removing signal artifacts due to motion.
The contrast of interest for each run was task minus baseline. For the verbal STM and
CWKMS tasks the recall portion was also contrasted against baseline. Results were
normalized to the standard MNI space 91x109x91 by warping them to the 3D anatomical
and then applying low dimensional non-linear warp parameters calculated from nonlinearly warping (mm warp resolution) the 3D anatomical to MNI space.
Within group contrasts were performed using a fixed effects model. Contrasts of
interest included all three tasks minus each respective baseline, CWKMS – VSA,
CWKMS and verbal STM recall – baseline, and CWKMS – verbal STM recall. Between
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group comparisons were performed using a mixed effects model and FLAME 1 + 2
which carries out a Markov Chain Monte Carlo sampling to implicitly estimate the mixed
effects variance. Contrasts of interest included controls (CON) – MCI and MCI – CON
for each task – baseline, CWKMS – VSA, CWKMS recall – baseline, verbal STM recall
– baseline, and CWKMS recall – verbal STM recall. Cluster based thresholding was
implemented for all fMRI statistical analyses.

Results
Sample characteristics and behavioral responses
Groups did not significantly differ on age (t=0.5, p=0.6), but significantly differed
on years of education (t=3.028, p=0.0044). Statistics for the behavioral data collected
during the fMRI tasks are listed in Table 3.1.
Within group paired t-tests demonstrated that both groups had quicker RTs in
response to the red dot during the VSA task than the CWKMS task (CON: t = 5.431, p <
0.001; MCI: t = 5.030, p < 0.001). Paired t-tests also demonstrated that the MCI group
had significantly quicker RTs to the correct arrays during the CWKMS task than the
verbal STM task (t = 3.021; p = 0.009). Paired t-tests did not show a significant
difference in the number of correct array responses during the CWKMS task as compared
to the verbal STM task. Between groups, independent sample t-tests showed significantly
greater correct recall responses for the control group during verbal STM recall (t = 2.134,
p = 0.039), but not during CWKMS recall. Significantly quicker RT were also evidenced
for the control group during verbal STM recall (t = 2.409, p = .021), but not during
CWKMS recall.
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Within group whole brain analyses
Within group contrasts were performed for both CON and MCI for each of the
three tasks compared to baseline (Fig. 3.2). For the CWKMS task both groups displayed
significant levels (Z > 4.5, p = .05) of widespread bilateral activation in regions typically
associated with WKM functioning, including DLPFC, VLPFC, cingulate cortex, IPL,
SPL, precuneus, and the parahippocampal gyrus / hippocampus. Overall activation (Z >
4.5, p = .05) during the verbal STM was much less dispersed than for CWKMS for both
groups, however, bilateral activation still overlapped with regions involved in CWKMS.
Areas of activation included DLPFC, VLPFC, and IPL. For both the CWKMS and verbal
STM tasks, activation appeared to be more dispersed for the MCI group. Clusters of
activation for the VSA task (Z > 4.5, p = .05) differed across the two groups. Regions of
activation for the CON group included the occipital pole, lingual gyrus, precuneus,
middle temporal gyrus, superior temporal gyrus, Heschl’s gyrus, precuneus, posterior
cingulate, DLPFC, ACC, and superior frontal gyrus. Activation for the MCI group was
seen in the occipital pole, lingual gyrus, DLPFC, middle temporal gyrus, ACC, and
superior frontal gyrus.

Between group working memory analyses
Between group comparisons for the CWKMS, verbal STM, and VSA tasks did
not yield any significant differences at the standard Z > 2.3, p = .05, for cluster-based
thresholding. Lowering the threshold to Z > 2.0, p = .05, yielded significant differences
for MCI – CON on the encoding and maintenance blocks of the CWKMS task (Fig. 3.3).
Notably, the cluster encompassed areas of the left hippocampus, amygdala, and insula
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(Table 3.2). Significant differences were also evidenced for the MCI – CON, CWKMS –
VSA contrast (Z > 2.3, p = .05), a contrast designed to reveal unique differences in the
ability to maintain information in the focus of attention (Fig. 3.3). Notably, one cluster
encompassed areas of the left superior temporal gyrus (STG; Heschl’s gyrus and planum
temporale) and parietal and central operculum; the second cluster, similar to the cluster in
the previous CWKMS contrast, encompassed portions of the left parahippocampal gyrus,
hippocampus, amygdala, and insula (Table 3.3). Overall, results supported the hypothesis
that the MCI group would significantly exhibit higher levels of activation in medial
temporal regions. Results also showed significant activation differences in additional
lateral temporal regions not hypothesized.

Between group recall analyses
Significantly higher levels of activation (Z > 2.3, p = .05) were evidenced for the
MCI group for both the CWKMS and verbal STM recall blocks. For CWKMS recall
(Fig. 3.4), the MCI group exhibited bilateral BOLD signal increases in many of the same
regions as during maintenance and encoding; these included the insula, STG, and
hippocampus. Additionally, several other significant differences were seen in the postcentral and pre-central gyri, and ventromedial frontal and anterior cingulate cortex (Table
3.4). Significant differences during verbal STM recall were less pronounced (Fig. 3.4).
One cluster was identified which encompassed the right temporal occipital fusiform
cortex, middle temporal gyrus, lingual gyrus, and hippocampus (Table 3.5). The
CWKMS recall – verbal STM recall contrast did not yield any significant differences in
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either direction, indicating a similar linear increase in resource recruitment from verbal
STM recall to CWKMS recall for both groups.

Discussion
Mild cognitive impairment (MCI) has been conceptualized as a “middle ground”
between normal, healthy aging and dementia, usually of the Alzheimer’s type. It is a
heterogeneous syndrome, of which the most readily observable deficit is often that of
poor episodic memory functioning (Albert et al., 2011; Petersen et al., 2001; Petersen &
Bennett, 2005). Recent studies which have focused on discovering the full extent of
cognitive impairments in MCI, have noted that MCI patients often display significant
deficits in WKM and executive functioning and that these deficits may arise before those
of episodic memory (Grober et al., 2008; Rapp & Reischies, 2005). Here we chose to use
a complex working memory span (CWKMS) task to explore WKM differences between
healthy older adults and those with MCI. A CWKMS task was chosen because CWKMS
tasks have been shown to be ecologically valid and more effective than simple span tasks
in detecting deficits in healthy older adults (Bopp & Verhaghen, 2005). Furthermore,
they have been shown to differentiate MCI-to-AD converters from non-converters when
other cognitive measures were not able to (Gagnon & Belleville, 2011). To our
knowledge, this is the first study to examine WKM related functional activation
differences between healthy older adults and MCI using a CWKMS task.
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Within group differences
Within group analyses were performed to verify that groups were recruiting
similar regions and that those were regions typically associated with the task. CWKMS
task activation appeared to be consistent with areas typically recruited during
performance of CWKMS (Chein et al., 2011; Faraco et al., 2011; Kondo et al., 2004) and
other WKM tasks (Blumenfeld & Ranganath, 2006; Bunge et al., 2001; Chein & Feiz,
2001; Curtis & D’Esposito, 2003; D’Esposito & Postle, 1999; Postle et al., 2003), with
the MCI group having more dispersed activation; this included activation in DLPFC,
VLPFC, IPL, SPL, and MTL regions (Fig. 3.2). Dispersed activation during CWKMS for
the MCI group is consistent with compensatory theories of functional activation in
impaired populations, such that increased recruitment of ROIs are necessary to maintain
normal task performance. Verbal STM task activation appeared to be reduced for both
groups as compared to the CWKMS task, but activation was still evidenced in some
WKM related regions such as the DLPFC and the IPL (Fig 3.2). Activation for the MCI
group displayed greater bilateral intensity than that of the healthy older adult group. This
is somewhat akin to the hemispheric asymmetry reduction in older adults (HAROLD)
model that proposes that increased age, associated with decreased cognitive abilities,
results in increasingly bilateral recruitment of task relevant regions (Cabeza, 2002). In
other words, as task difficulty increases older adults rely more heavily on
interhemespheric cooperation for successful task performance. Analyses of the VSA task
demonstrated that the healthy older adult group appeared to show more dispersed and
bilateral activation across occipital cortex, dorsomedial prefrontal cortex, and middle

89

temporal cortex (Fig. 3.2), regions typically associated with VSA. The reason for this
reversal is not clear, but may be indicative of attentional deficits in MCI.

Between group working memory differences
As hypothesized, the MCI group exhibited significantly greater activation during
performance of the CWKMS task in a cluster that encompassed portions of the left
hippocampus, amygdala, and insula. These differences are consistent with previous
studies demonstrating altered MTL activation in MCI compared to controls during WKM
performance (Bokde et al., 2010; Machulda et al., 2003; Yetkin et al., 2006). Based on a
number of studies demonstrating that those with MCI actually exhibit significant
executive deficits, it was also hypothesized that the MCI group would recruit neo-cortical
WKM related regions such as DLPFC and VLPFC to a greater extent than the healthy
older adults, but such findings were not evidenced. Similarly, non-significant differences
were evidenced for activation during the verbal STM task which also requires the
recruitment of executive attentional and maintenance processes for proper task
performance.
Because CWKMS tasks arise out of the combination of two distinct tasks, a
distractor task and a memory task, contrasts of the CWKMS and distractor task may be
used to shed light on memory specific processes (Chein et al., 2010; Faraco et al., 2011;
Kondo et al., 2004). The two contrasts designed to shed light on the cognitive differences
in WKM performance between MCI and healthy older adults were the MCI – CON and
CON – MCI contrasts for CWKMS – VSA. Specifically, these contrasts aimed to reveal
activation differences related to the encoding and active maintenance of to-be-
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remembered information during WKM performance. If activation differences were
mainly evidenced in medial temporal regions this would further support the idea that the
main impairment in MCI is one of long term memory binding and storage, while if
differences were also seen in frontal and parietal regions this would support the cognitive
data indicating that MCI patients also experience significant executive deficits. The
control group did not exhibit significantly higher levels of activation in any regions.
Significantly higher levels of activation for the MCI group were evidenced along the left
hippocampus, amygdala, and insula. Surprisingly, significant activation differences were
also found along auditory and language cortical regions of the STG, such as Heschl’s
gyrus and the planum temporale.
MCI patients exhibited significantly higher levels of hippocampal activation
under contrasts of overall CWKMS performance and a contrast aimed at revealing
encoding and maintenance differences during CWKMS performance, supporting the idea
that hippocampal dysfunction may be the main factor resulting in impaired memory
performance in MCI. The hippocampus, though, consists of several subregions: the CA
subfields, the subiculum, and the dentate gyrus (Amaral & Witter, 1989); the
hippocampal formation includes the sub-regions just mentioned plus the entorhinal cortex
(EC: Insausti, 1993). Histological research on dysfunction of the hippocampal formation
in AD has shown that the EC is most vulnerable to AD neurodegeneration, while the CA1
region and subiculum of the hippocampus are also greatly affected (Braak et al., 2006;
Gomez-Isla et al., 1996; Small et al., 2011; West et al., 1994). The EC, located in the
anterior portion of the parahippocampal cortex, is the input gateway from the neocortex
to the hippocampus, while the subiculum and CA1 output to the EC but can also
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communicate with other subcortical and cortical regions, including the amygdala, medial
and orbitofrontal cortices, and the anterior and posterior cingulate cortices. Functional
activation differences in this study appeared to be localized around a cluster
encompassing an area consistent with the location of the subiculum and CA1. Consistent
with the current study, Fouquet et al. (2011) recently reported that CA1 volume was
positively correlated with encoding performance in MCI. Even though significant
differences were not evidenced around regions consistent with the location of the EC,
which is most vulnerable to AD neurodegeneration, this does not indicate that
compensatory mechanisms are not at work in the EC. Due to its ventral location it is
difficult to obtain good signal-to-noise ratio in the EC, unlike the subiculum and CA1
which are situated dorsal to the EC.
An unexpected and quite interesting finding in this study was that of significant
increases in activation in the left STG for the MCI group during CWKMS encoding and
maintenance (Fig. 3.3). Specifically, STG differences were evidenced in the planum
temporale, which forms part of Wernicke’s area, and Heschl’s gyrus. These regions are
responsible for language comprehension and the perception of auditory stimuli,
respectively, and are not typically thought of as WKM regions. Some studies, though,
have shown that MCI, especially AD-converters, and AD patients show significant
functional WKM activation differences (Bokde et al., 2010; Yetkin et al., 2006) and
volumetric reductions in the STG (e.g., Bozzali et al., 2006; Fjell et al., 2009; Karas et
al., 2008), among many other regions. In the current study, MCI hyper-activation of the
STG was one of the few, localized differences evidenced between groups, and presents
considerable implications in regards to our understanding of WKM system functioning .
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From a cognitive perspective, these findings argue against some popular views on
the neuroanatomical basis of WKM. For example, Baddeley’s influential multicomponent model of WKM suggests that verbal items are maintained in attention through
direct access to a specialized verbal memory store, otherwise known as the phonological
store/loop (Baddeley & Hitch, 1974; Gathercole & Baddeley, 1993). The neural
mechanism supporting the phonological store has been equated with the IPL.
Maintenance of verbally coded information in this phonological store is thought to be
independent of any long-term linguistic representations. This is problematic because IPL
activation is not evidenced during presentation of verbal information thought to interfere
with the phonological loop (Buchsbaum & D’Esposito, 2008; Chein & Feiz, 2001; for an
excellent formulation of this problem please see Acheson et al., 2011). Alternative
models of WKM functioning propose that the focus of attention, also associated with
parietal regions, is not domain specific and that WKM functioning is highly intertwined
with LTM processes (e.g., Cowan, 2005; Oberauer, 2002; Unsworth & Engle, 2007a).
A few recent studies have aimed at identifying whether there are WKM storagespecific brain regions. Ravizza et al. (2011) found that subjects activated the STG during
verbal, but not object, encoding and maintenance; they concluded that STG aids in
maintaining phonological representations in an active state through a rehearsal or
attentional refresh mechanism. Similarly, Acheson et al. (2011) used fMRI to map voxels
in the posterior STG (ROI) and medial temporal gyrus (control region) involved in the
phonological and lexical-semantic retrieval of words, respectively. They targeted these
regions with repetitive transcranial magnetic stimulation (rTMS) during a brief delay, and
found that rTMS stimulation of the STG, but not the middle temporal gyrus, resulted in
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impaired recall of non-semantic information. STG hyperactivation during WKM
performance in MCI may therefore be indicative of an increased need to rehearse to-beremembered items in order to maintain normal levels of WKM performance. For
example, it is possible that MCI patients engage in increased rehearsal in order to
increase their chances of successful encoding; this process may occur as a result of
initially poor encoding. Alternatively, WKM-related functional differences in the STG
are consistent with histopathological work demonstrating that AD pathology is initially
observed in the MTLs, from which it spreads to surrounding brain regions (Alafuzoff et
al., 2008; Braak & Braak, 1991). In other words, neuropathology has already begun to
spread and have a neurodegenerative effect on areas other than the MTLs in the preclinical stages of AD. In this case, hyper-activation of the STG would therefore be a
compensatory mechanism for STG dysfunction.
BOLD signal differences during recall were not crucial to the aims of this study
since it has been established that episodic memory recall deficits in MCI are associated
with BOLD signal differences (Dannhauser et al., 2008; Jin et al., 2012; Kircher et al.,
2007; Poettrich et al., 2009). Nevertheless, significantly increased BOLD signals during
CWKMS recall were observed for the MCI group in bilateral STG and MTL (Figure 3.4).
This indicates that similar cognitive processes occur during the CWKMS recall phase as
during the encoding and maintenance phase. Working under the STG framework just
discussed, STG differences during recall indicate that MCI patients may be exerting more
effort in rehearsing the to-be-remembered letters. This is very plausible given the nature
of the recall phase. During recall participants are presented with various probe arrays and
must identify which, if any, of the arrays matches the correct sequence of to-be-
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remembered letters. As such, they must compare the probes to their own representations
which they are likely rehearsing. Significant increases in bilateral ventromedial frontal
(VMF) lobe and ACC BOLD signals were also evidenced for the MCI group. VMF and
ACC are often associated with decision making and error detection (Bechara et al., 1999;
Bechara et al., 2001; Botvinick et al., 2001; MacDonald et al., 2000), respectively; two
cognitive functions necessary for performance of the recall phase. It is possible that due
to impaired LTM and WKM systems, MCI patients recruit decision making mechanisms
to a greater degree to successfully compare their memory traces with relevant information
entering into the focus of attention.

Limitations
A well-known problem with conducting MCI research is that MCI is a
heterogeneous syndrome which has been classified into several subtypes, with a-MCI
being the most prevalent. Subtyping is beneficial for prognosticating progression to a
given dementia, for example, those with a-MCI typically advance into AD (Petersen et
al., 2004). Partly due to its heterogeneous presentation, however, all MCI subtypes are at
risk for conversion to AD or other non-AD dementias (Fischer et al., 2007; Rountree et
al., 2007); therefore, we did not restrict our analyses to a specific subtype such as a-MCI.
Based on CDR domain scores, though, most MCI patients in the current study appeared
to display a primary memory impairment and would therefore be classified as a-MCI.
Varying methods for classifying patients with mild impairments in cognition into
MCI, questionable dementia, or very mild dementia have been suggested (e.g., Albert et
al., 2011; Chang et al., 2011; Morris, 1993; O’Bryant et al., 2008; O’Bryant et al., 2010;
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Petersen et al., 1999). Here, we used a global CDR score of 0.5 to classify individuals as
MCI. The use of a global CDR score of 0.5 has been previously supported (Morris,
1993), but the use of this criteria has been debated as some have argued that those with
very mild dementia may be grouped into the same category. An alternative staging
guideline which has been shown to have good sensitivity and specificity is to assess the
sum of boxes (SB) scores of the CDR (O’Bryant et al. 2008; 2010). Using this guideline,
those with a GS of 0.5 and SB scores of 0.5-2.0 are classified as questionable dementia or
MCI, while those with a GS of 0.5 and SB scores of 2.5-4.0 are classified as very mild
dementia. The MCI sample for the current study had a GS of 0.5 and an SB average of
1.16, therefore, the likelihood of having individuals with very mild dementia included in
the MCI sample was very low.
An important decision in the analyses was to not control for level of education,
even though the MCI group had significantly lower levels of education. It has been
shown that individuals presenting with MCI or dementia often have lower levels of
education than their age-matched controls (Antilla et al., 2002; Fratiglioni & Wang,
2007; Ngandu et al., 2007; Sattler et al., 2012; Stern et al., 1994). Level of education is
often used as a proxy for cognitive reserve, or the ability of the brain to cope with injury
by recruiting previously established and efficient processes, or implementing
compensatory mechanisms (Stern, 2006). Therefore, level of education serves as a
protective factor, such that those with higher levels of education who display similar
levels of impairments as their age matched, but lesser educated peers, often exhibit more
advanced stages of pathology and degeneration. Consequently, those individuals exhibit
greater neuropathological deficits when compared to their healthy, age-matched controls

96

and statistically controlling for level of education may artificially alter the variance in the
functional findings attributable to cognitive impairment.
Lastly, CWKMS performance is an involved process in which retrieval of to-beremembered information also occurs during the encoding and maintenance phase. This is
because the purpose of the distractor is to displace to-be-remembered information from
the focus of attention in order to engage WKM and LTM processes rather than just STM.
Consequently, it is difficult to associate specific WKM processes with functional
activation because of robust recruitment of the WKM system during CWKMS task
performance. The robust activation evidenced in both groups is beneficial for between
group comparisons, though, as significant differences will be restricted to fewer, possibly
more critical regions. In the current study, CWKMS encoding and maintenance
differences were restricted to the lateral and medial temporal lobes, rather than including
frontal regions as was hypothesized. Therefore, it may be said that use of this CWKMS
task allowed us to hone in on regions whose functional activation differences may have
the greatest impact upon WKM performance.

Conclusions
CWKMS tasks have been used for a number years in cognitive research
(Daneman & Carpenter, 1980; LaPointe & Engle, 1990; Turner & Engle, 1989), but have
only recently begun to be used in neuroimaging (Chein et al., 2011; Faraco et al., 2011;
Kondo et al., 2004). This is the first study that we are aware of that has used a CWKMS
on an impaired population while collecting BOLD data. Between group comparisons
demonstrated that the CWKMS task was sensitive to STG and MTL deficits during
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encoding and maintenance. These same regions, along with VMF cortex, displayed
differential activation during recall. Differences in MTL activation during WKM
performance are not surprising given that the WKM system is highly dependent on LTM
processes. STG differences, however, are rather novel in the context of WKM and MCI,
but fit well within recent frameworks of WKM rehearsal (Acheson et al., 2011; Ravizza
et al., 2011) and/or the established idea that AD pathology radiates from the MTLs
(Alafuzoff et al., 2008; Braak & Braak, 1991). Further examinations of STG hyperactivity or dysfunction as a biomarker of MCI, its functional relationship with the MTLs
during WKM, and its power as a predictor of conversion to AD are warranted.
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Figure 3.1. Depiction of distractor, verbal STM, and CWKMS task. For all tasks the
baseline block is identical, participants are presented with a cue indicating the start of the
baseline block and then have to press when they see the right-pointing arrow,
A.Distractor task. Participants are cued to the start of the block by the word “DOTS” and
then have to press with they see a red dot. B. Verbal STM. Participants are cued to the
start of the block by the word “LETTERS.” They have to remember the letters presented
(total of 4) in the order of presentation and must press when they see an arrow. C.
CWKMS task. Participants are cued to the start of the block by the word “COMPLEX.”
As in the previous trial they must remember the letters in order of presentation, but in
between each letter presentation they must now attend to the presentation of a red dot. D.
Array. Participants are cued to the start of the block by the word “ARRAY.” The
array/retrieval condition proceeds both the verbal STM and CWKMS tasks. Participants
must identify which of the arrays accurately represents the order of presentation of the
letters. Please refer to the Task and stimuli section in the methods for further details.
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Left

Right

CWKMS

STM

VSA

Figure 3.2. Within group activation. For each task at Z > 4.5 and p < 0.05. The top row of
each set is the activation map for the MCI group, the bottow row of each set is the
activation map for the healthy, older adults. Coronal and axial images are presented in
radiologic orientation. The two largest cluster sizes for each task and group are as
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follows. CWKMS task: MCI 1) 60957, 2) 416; CON 1) 27901. STM task: MCI 1) 1133,
2) 811; CON 1) 796, 2) 673. VSA task: MCI 1) 1704, 2) 152; CON 1) 8958, 2) 2326.
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CWKMS

Left

CWKMS > VSA

Figure 3.3. Between group CWKMS differences. MCI – CON contrasts for CWKMS
encoding and maintenance block, and CWKMS encoding and maintenance > VSA; Z >
2.3 and p < 0.05. The latter contrast is designed to focus on working memory encoding
and maintenance. Both contrats demonstrated activation in the hippocampal formation,
while CWKMS > VSA additionally demonstrated activation in the STG.
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CWKMS Recall

STM

Figure 3.4. Between group recall differences. MCI – CON differences for CWKMS and
STM recall; Z > 2.3 and p < 0.05. MCI participants demonstrated significantly higher
level of activation during CWKMS recall in areas activated during encoding and
maintenance, but also in frontal regions associated with decision making and error
detection, i.e., ventromedial prefrontal and anterior cingulate cortices, respectively.
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Table 3.1
Demographic and behavioral data.
Control Group Avg.
Age
Education (yrs)
CWKMS Recall RT
CWKMS Recall correct
CWKMS Dot RT
Verbal STM Recall RT
Verbal STM Recall
correct
VSA Dot RT

MCI Group Avg.

t-Test

p value

74.17 (5.50)
16.96 (2.33)

75.13 (6.53)
14.19 (3.47)

0.50
3.03

0.619
0.004*

1460.69 (332.06)
6.50 (0.72)
669.61 (119.38)
1477.71 (384.48)
6.66 (0.70)

1527.09 (244.99)
6.19 (1.33)
673.34 (81.08)
1763.27 (339.07)
5.69 (2.08)

0.684
0.963
0.109
2.409
2.134

0.498
0.342
0.914
0.021*
0.039*

572.05 (97.05)

580.10 (53.01)

0.302

0.764

*Significant differences between groups.

Table 3.2
Areas of greater MCI group activation for CWKMS.
Cluster

Region

1

L Parahippocampal Gyrus, Posterior
L Parahippocampal Gyrus, Anterior
L Insular Cortex
L Amygdala
L Hippocampus
L Temporal Pole

Z > 2.0, p = .05.

Coordinates in mm,
MNI
x
y
z
-34
-12
-38
-26
-14
-46

0
-32
-2
-12
-14
10

-16
-14
-12
-12
-20
-16

Z-score

3.61
3.55
2.77
2.75
2.72
2.57
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Table 3.3

Areas of greater MCI group activation for CWKMS > VSA.
Cluster

Region

1

L Superior Temporal Gyrus, Posterior
L Heschl’s Gyrus
L Lateral Occipital Cortex
L Parietal Operculum
L Central Operculum
L Supramarginal Gyrus
L Planum Temporale
L Insula

Coordinates in mm,
MNI
x
y
z
-70
-36
10
-44
-20
2
-48
-66
8
-42
-32
20
-44
-16
12
-58
-46
12
-58
-24
6
-40
-10
2

2

L Amygdala
L Parahippocampal Gyrus, Posterior
L Hippocampus
L Insula

-26
-16
-22
-36

Z > 2.3, p = .05.

-10
-34
-16
4

-10
-10
-14
-14

Z-score

4.11
3.77
3.38
3.31
3.28
3.22
2.88
2.51
3.81
3.67
3.51
3.06
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Table 3.4
Areas of greater MCI group activation for CWKMS recall.
Cluster Region
Coordinates in mm, MNI
x
y
z
1
R Insula
38
0
-16
R Superior Temporal Gyrus
56
-28
6
R Central Operculum
52
-18
22
R Planum Temporale
62
-10
0
R Hippocampus
28
-24
-18
R Postcentral Gyrus
50
-20
32
L Lingual Gyrus
-14
-54
-4
R Parietal Operculum
52
-26
12
L Parahippocampal Gyrus, Posterior
-14
-34
-12
L Hippocampus
-16
-16
-22
R Heschl’s Gyrus
46
-14
0
L Parahippocampal Gyrus, Anterior
24
-22
-22

Z-score
3.79
3.52
3.35
3.34
3.21
3.21
3.18
3.15
3.13
3.12
3.11
3.07

2

L Postcentral Gyrus
L Central Operculum
L Planum Temporale
L Superior Temporal Gyrus, Posterior
L Heschl’s Gyrus
L Parietal Operculum
L Insula

-62
-56
-64
-66
-44
-46
-36

-12
-16
-36
-18
-20
-26
-18

14
18
18
4
4
16
16

3.51
3.42
3.40
3.37
3.33
3.21
3.20

3

R Precentral Gyrus
R Postcentral Gyrus
R Supplementary Motor Cortex
R Anterior Cingulate Cortex
R Superior Parietal Lobule
R Supramarginal Gyrus

30
44
8
8
32
60

-12
-32
-12
2
-40
-30

64
60
62
38
62
52

3.29
3.23
3.13
2.99
2.96
2.82

4

L Frontal Medial Cortex
L/R Anterior Cingulate Cortex
R Frontal Medial Cortex
L/R Paracingulate Gyrus
L Subcallosal Cortex
L Frontal Orbital Cortex
L Caudate
L Frontal Pole

-2
0
4
0
-6
-14
-16
-2

44
28
44
52
24
6
14
56

-16
10
-18
4
-18
-20
6
2

3.37
3.32
3.18
3.17
3.12
2.98
2.95
2.92

Z > 2.3, p = .05.
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Table 3.5
Areas of greater MCI group activationfor STM recall.
Cluster
Region
Coordinates in mm,
MNI
x
y
z
1
R Temporal Occipital Fusiform
32
-46
-10
Cortex
R Middle Temporal Gyrus, Posterior
56
-18
-12
R Lingual Gyrus
16
-64
-6
R Hippocampus
34
-22
-16
Z > 2.3, p = .05.

Z-score

3.32
3.12
3.04
2.77
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CHAPTER 4

RBANS DELAYED MEMORY SCORES CORRELATE WITH WIDESPREAD
WHITE MATTER DIFFUSIVITY CHANGES IN MILD COGNITIVE IMPAIRMENT1

Faraco, C.C., Puente, A.N., Brown, C., Terry, D.P., and Miller, L.S. To be submitted to
Journal of Alzheimer’s Disease
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Abstract
Mild cognitive impairment (MCI) is often characterized by a primary impairment
in memory, but may have a heterogeneous presentation. Consequently, there is a need to
establish reliable biomarkers of MCI that may aid in increasing prognostic accuracy.
Diffusion tensor imaging (DTI) studies have established that white matter degeneration is
evidenced in MCI patients, but areas of degeneration across studies are variable. In order
to establish reliable biomarkers of MCI white matter neurodegeneration it may be to
beneficial examine the relationships between DTI diffusivity indices and cognitive
performance. In this study we correlated domain indices of the Repeatable Battery for the
Assessment of Neuropsychological Status (RBANS) with DTI indices of diffusivity.
Results did not demonstrate significant between-groups differences, but significant
widespread correlations between axial, radial, and mean diffusivity and delayed memory
scores were evidenced for the MCI group. Correlations were evidenced along the
superior longitudinal, fronto-occipital, and inferior longitudinal fasciculi, the
hippocampus, internal capsule, and the corpus callosum. Neurodegeneration along
associative fronto-parietal pathways may be linked to deficits in working memory and
long-term representations in MCI. Furthermore, a significant interaction effect was
evidenced between radial diffusivity and delayed memory with respect to group. These
interaction effects were evidenced along the pathways just mentioned, except for the
hippocampus, and along the uncinate fasciculus, external capsule, and cingulum bundle.
Radial diffusivity interactions along these late-myelinating pathways may support the
idea that neurodegeneration in MCI / Alzheimer’s disease occurs through retrogenesis.
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Introduction
White matter (WM) degeneration in those with Alzheimer's disease (AD) has
been well documented through postmortem examinations, magnetic resonance imaging
(MRI), and volumetric measures (e.g., Gold et al., 2007; Kavcic et al., 2008; Rose et al.,
2008; Salat et al., 2009; Yasmin et al., 2008). Less clear is the extent of WM
degeneration in those with mild cognitive impairment (MCI). While AD is characterized
by significant deficits in memory and executive functioning, MCI, as the name suggests,
is characterized by mild impairments in cognition and is often viewed as a heterogeneous
condition which precedes the onset of dementia (Albert et al., 2011; Petersen et al., 2001;
Petersen & Bennett, 2005). Typical estimated yearly conversion rates of MCI to
dementia, from both clinic and population based studies, range from 5-15% (DeCarli,
2003; Panza et al., 2005; Petersen, 2004; Roach, 2005). Establishing associations
between WM degeneration and cognitive impairment in MCI patients is therefore crucial
to delineating the disease process in AD and developing treatments which may delay its
onset.
Currently, one of the most popular means by which to investigate WM changes is
through diffusion tensor imaging (DTI). DTI is an MRI technique from which scalar
indices of water diffusion, thought to reflect varying aspects of WM integrity, can be
calculated. These indices are calculated from the tensor eigenvalues (λ1, λ2, and λ3),
which describe the strength of diffusion along the corresponding axes or eigenvectors
(v1, v2, and v3). Axial diffusivity (DA) is the principal eigenvalue (λ1) and is assumed to
contribute information regarding the integrity of axons (Glenn et al., 2003) or changes in
the extra-axonal/extracellular space (Beaulieu and Allen, 1994). In contrast, radial
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diffusivity (DR) is the average of the two remaining eigenvalues ([λ2+λ3]/2) and is
assumed to characterize changes associated with myelination or glial cell morphology
(Song et al., 2002, 2003, 2005). Mean diffusivity (MD) is the average of all three
eigenvectors and provides an all-round descriptor of the degree of diffusivity within the
region (Pierpaoli et al., 1996), where increased diffusivity may indicate a decrease in
cellular membrane density (Beaulieu, 2002). Lastly, fractional anisotropy (FA) indicates
how biased diffusion is along the primary eigenvector; in other words, it is the ratio of the
tensor’s anisotropy to the whole tensor (Melhem et al., 2002), and is used as an index of
overall WM health or integrity (Beaulieu et al., 1996), with reduced anisotropy also being
indicative of reduced WM integrity.
Due to the fact that FA and MD are the most common measures examined, past
studies of WM differences in MCI and AD have reported anisotropy and diffusivity
differences across frontal, parietal, temporal, and/or medial temporal lobe WM (e.g., Bai
et al., 2009; Bozzali et al., 2002; Chen et al., 2009; Chua et al., 2008; Fellgiebel et al.,
2004; Liu et al., 2011; Medina et al., 2006; Muller et al., 2007; Salat et al., 2009; Salat et
al., 2010;). A recent meta-analysis (Sexton et al., 2011) revealed medium to high effect
sizes for FA and MD changes across these regions, as well as across specific WM
pathways including the posterior cingulum, superior longitudinal fasciculus, and
splenium and genu of the corpus callosum, in both AD and MCI. Of note is that a
significant degree of effect size heterogeneity was detected in 5 out of 13 group
comparisons for FA in AD and 7 out of 9 group comparisons for FA in MCI; MD only
displayed a significant heterogeneity for 3 out of 8 comparisons for MCI. Such findings
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not only highlight the fact that MCI is a neurodegeneratively heterogeneous condition,
but also point out the variability inherent to measures such as FA and possibly MD.
Part of the reason for the heterogeneity of FA and MD findings is that they are
inherently limited by the tensor model. In voxels where fibers cross or diverge, for
example, a tensor model is unable to accurately describe the diffusion or anisotropy
characteristics of the fibers within that region. As a result, all eigenvalues are affected
and FA and MD are especially prone to distortion since they are calculated from all three
eigenvalues (Alexander et al., 2007; Vos et al., 2012). Furthermore, because of this
dependence on all three eigenvalues they are less sensitive to specific aspects of WM
degeneration. FA may also lack sensitivity to structural differences in cases where all
three eigenvalues change proportionally (Acosta-Cabronero et al., 2010). Previous work
has shown that WM changes in early AD are likely to produce proportional changes
along all three eigenvectors as FA was grossly insensitive to changes that were evidenced
through analysis of DA, DR, and MD (Acosta-Cabronero et al., 2010); DR and MD were
also sensitive to WM changes in AD and amnestic MCI (aMCI) in regions where FA
differences were not detected (Bosch et al., 2012). Therefore, it may be more fruitful to
examine diffusivity measures, rather than FA, when studying MCI.
To gain further insight into the implications of neurodegeneration in MCI and
AD, though, associations between indices of WM degeneration and cognition should also
be established. Currently, correlations between cognitive performance in MCI/AD and
DTI measures have been explored a handful of times (e.g., Bozzali et al., 2002; Bosch et
al., 2012; Chen et al., 2007; Fjell et al., 2009; Heo et al., 2009; Muller et al., 2007); with
most of these studies having used the Mini Mental State Examination (MMSE; Folstein
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et al., 1975), a brief questionnaire designed to yield an overall assessment of cognitive
functioning. Even though the MMSE is commonly used in clinical practice to identify
AD, it is not as sensitive to MCI (Nasreddine et al., 2005; Tomabaugh et al., 1992; Wind
et al., 1997).
MCI has traditionally been associated with a primary episodic memory deficit
(Albert et al., 2011; Petersen et al., 2001), but recent evidence suggests that episodic
deficits may actually be preceded by more subtle changes in cognition due to impaired
language, attentional, executive functioning, and working memory abilities (Cuetos et al.,
2007; Grober et al., 2008; Rapp & Reischies, 2005), and that deficits in these domains are
actually characteristic of preclinical AD (Twamley et al., 2006). In associating DTI
derived measures with cognitive functioning in MCI, it may be useful to examine
neuropsychological batteries of clinical utility which assess various domains. One wellknown battery which may prove to be useful in this respect is the Repeatable Battery for
the Assessment of Neuropsychological Status (RBANS; Randolph et al., 1998). The
RBANS, which was designed for the longitudinal assessment of dementia, provides
indices for immediate memory (IM), delayed memory (DM), attention (ATT), language
(LAN), and visuospatial/constructional (VSC) abilities; most of which can be impaired in
MCI. Initial assessment of the RBANS as a diagnostic tool for AD found that sensitivity
and specificity were at 90% (Randolph et al., 1998). It has also been shown to be useful
in evaluating MCI, though this has been somewhat varied. For example, (Duff et al.,
2010) found that specificity values for all memory-related subtests and indices were 0.82
or higher, but sensitivity values were poor. A caveat with these findings is that only those
previously diagnosed with a primary memory impairment, i.e., aMCI, were examined.

128

Clark et al. (2010), however, found that percent retention scores on RBANS List
Learning and Story Memory demonstrated excellent specificity and sensitivity in
distinguishing those with MCI from controls and AD patients.
The aim of the current study was to examine whether different cognitive
processes as measured by the RBANS index scores were associated with WM
degeneration in MCI. Based on the cognitive impairments evidenced in MCI, it was
expected that IM, DM, ATT, and LAN scores would be correlated with diffusivity
indices (DA, DR, and MD) in areas of WM degeneration. Specifically: 1) DM scores
should negatively correlate with diffusivity indices of the hippocampus, since it is critical
to long term memory functioning (e.g., Milner, 1972, Squire et al., 2004) ) and affected in
MCI (Colliot et al., 2008; Du et al., 2001; Killiany et al., 2002; Wolf et al., 2001),. 2)
DM, IM, and ATT indices, whose sub-tests all appear to rely on some aspect of working
memory functioning, should be negatively correlated with diffusivity indices in fasciculi
connecting frontal and parietal cortices, as these regions are necessary for proper working
memory functioning (Blumenfeld & Ranganath, 2006; Bunge et al., 2001; Chein & Feiz,
2001; Curtis & D’Esposito, 2003; D’Esposito & Postle, 1999; Postle et al., 2003); the
most prominent fasciculi extending between these regions are the superior longitudinal
fasciculus (SLF) and the fronto-occipital fasciculus (FOF). 3) LAN scores, which are
heavily dependent on semantic fluency, should be negatively correlated with WM
diffusivity indices in WM pathways coursing through the temporal lobe, as it is involved
in speech production, language processing, and object fluency (Fama et al., 2000;
Hickok, 2001; Hickok, 2009; Levelt et al., 1998).
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Methods
Participants
In total, 52 older adults were recruited from the local community through
newspaper advertisements and community engagement. Community interactions included
giving “Brain Health” talks at various private and public organizations and centers,
including assisted living facilities, caregiver support groups, and the local public library.
Following these talks participants were informed of the details of the study and were
given flyers with the appropriate contact information.
Of the 52 participants that were recruited for the study, 40 (24 controls, 16 MCI)
were included in the current analyses; 6 participants were identified with AD and 6
participants were not able to complete the entire MR scanning protocol.

Inclusion criteria
Before partaking in the study, participants underwent an initial phone screen.
Inclusion criteria included compatibility with the MRI environment, between 65 – 85
years of age, confirmation of a reliable collateral, literate, and no history of a
neurological disorder. Participants who enlisted in the study were screened once more
upon arriving on the first day of testing. Upon completion all were given $100 for
participation. Additionally, upon their or the collateral’s request a contact sheet with
referral sources for additional cognitive assessment was provided.
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Measures
Participants and collaterals were interviewed with the Clinical Dementia Rating
(CDR) scale, a semi-structured interview designed to assess an individual’s level of
dementia-related impairment. The CDR obtains collateral-based information regarding
the individual being assessed, in this case the participant, and also asks the collateral to
recall and detail two recent events in order to test the participant’s LTM. Information
acquired from both parties is divided into six domains: memory, orientation, judgment
and problem solving, community affairs, home and hobbies, and personal care (Hughes et
al., 1982). Each domain is scored individually on a five-point impairment scale (i.e., 0.0
none, 0.5 questionable, 1.0 mild, 2.0 moderate, 3.0 severe), except personal care, which is
scored on a four-point scale (i.e., 0.0 none, 1.0 mild, 2.0 moderate, 3.0 severe), using a
set of criteria and clinical judgment. Scores are tallied based on an algorithm (Morris,
1993) to arrive at a Global CDR score. The global score is also assessed on the above
five-point scale and indicates degree of dementia (Morris, 1997). The diagnosis of MCI
has been supported by a CDR global score of 0.5 (Morris, 1993).

MRI acquisition
All scans were acquired using a General Electric (GE; Waukesha, WI) Signa HDx
3T MRI system. 3D structural scans were acquired using a fast spoiled gradient recalled
echo (FSPGR) protocol; TE = min full, TR = 7.5 ms, flip angle = 20°, 180 axial slices,
slice thickness = 1 mm, and FOV = 256 x 256 mm. Diffusion weighted imaging (DWIs)
scans were acquired using a single-shot diffusion-weighted SE-EPI sequence following
the same orientation and anatomical coverage of the functional scans; TE = min full, TR
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= 15000 ms, 90° RF pulse, 60 interleaved slices, slice gap = 0 mm, 2 mm isotropic
voxels, acquisition matrix = 128 x 128, FOV = 256 x 256 mm, parallel acceleration factor
= 2, b-value: 1000, and 30 optimized gradient directions with 3 b0 images. Total scan
time for the DTI acquisition was 9 min and 38 s. Two pairs of magnitude and phase
images were acquired for fieldmap-based unwarping of DWIs; acquisition for each pair
of images took 1 min and 40 s.

Image processing
All images were processed using the FMRIB Software Library (FSL; Smith et al.,
2004; Woolrich et al., 2009). Before analyses, data were converted from their native GE
DICOM format to NIFTI format using the dcm2nii conversion tool (Rorden, 2007). After
conversion, fieldmaps were produced to correct for the inherent distortion of the echo
planar images. Fieldmaps were calculated using FSL’s PRELUDE and FUGUE
(Jenkinson, 2003) programs. DWI images were pre-processed by applying the FMRIB
Diffusion Toolbox (FDT; Behrens et al., 2003) eddy current correction tool, motion
corrected using the first b0 image as a reference, brain extracted using BET, and then
distortion corrected using the calculated fieldmaps. Diffusion tensors were then estimated
using DTIFIT.
To enhance the ability to detect diffusivity differences in MCI, Tract-Based
Spatial Statistics (TBSS; Smith et al., 2006) were employed. TBSS attempts to alleviate
many of the problems associated with standard voxel-based approaches by initially
optimizing registration of the FA images to standard MNI space. For this study, each
subjects’ FA images were aligned to each other in order to identify the subject most
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representative of the entire sample and use that image as an initial target image for the
sample; this image was then affine registered to MNI space. The remaining FA images
were then warped to MNI space by combining the non-linear warp used to register them
to the initial target image with the affine transformation of the target image to MNI space.
TBSS further attempts to correct for subject mis-registration and consequent variability
by producing a mean FA image and skeletonizing it. Each subject’s FA data were
skeletonized by projecting the nearest maximum FA values onto the skeleton.

Statistical analyses
Analyses of the skeletonized images were carried out using FSL’s Randomise tool
(Nichols and Holmes, 2002), which performs nonparametric, permutation-based testing.
In order to enhance detection of diffusivity differences between groups, threshold-free
cluster-enhancement (TFCE; enhanced for diffusion data) was employed. TFCE relies on
neighborhood information, like cluster based thresholding, but is thought to be superior
as an initial cluster threshold does not have to be set thereby minimizing the problem of
overlooking the true signal. For each instance of Randomise, 5,000 permutations were
run. After the t-statistics were calculated at each voxel, the appropriate TFCE p-values
were calculated for each voxel. Any significant differences were identified by voxels
where p<0.05. For each group, DA, DR, and MD were separately correlated with each
index score of the RBANS. An interaction effect analysis was conducted to determine
whether group categorization moderated the relationship between diffusivity indices and
RBANS scores.
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Results
Sample characteristics
Demographic information and test scores are presented in Table 4.1. Mean
participant age did not differ between groups, but the control group had significantly
more years of education (p<0.0044). RBANS scores for the MCI group were significantly
lower for IM (p<0.0013), ATT (p<0.0033), DM (p<0.0020), and LAN (p<0.0034)
indices, but not for VSC (p<0.0935).

Within group correlations
Within the MCI group, significant negative correlations (p<0.05) between the
RBANS delayed memory (DM) index were found in relation to axial diffusivity (DA),
radial diffusivity (DR), and mean diffusivity (MD; all in Fig. 4.1). These negative
correlations were evidenced along many of the same pathways and included bilateral
superior longitudinal fasciculus (SLF), fronto-occipital fasciculus (FOF), and inferior
longitudinal fasciculus (ILF), and the genu, body, and splenium of the corpus callosum.
Negative correlations (p<0.05) between DM and DA and MD were evidenced along the
left hippocampal formation. Negative correlations (p<0.05) were also found between the
immediate memory (IM) index and DA (Fig. 4.2). Areas of significant correlations are
detailed in Table 4.2. IM correlations with DA were also evidenced along many of these
same pathways, except that correlations were restricted to the left hemisphere and did not
include the hippocampal formation (Table 4.2).
For WM pathways that evidenced DM correlations with both DA and DR, and for
which an appropriate mask from the John Hopkins University white matter tractography
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atlas existed, regression coefficients were compared to determine if they were
significantly different. This was done by masking the WM pathway of interest, extracting
DA and DR values for every MCI subject in voxels where the group correlations were
significant, and calculating the mean for each pathway for each subject. Comparisons
were made for bilateral FOF and SLF, and right ILF. Regression coefficients were not
significantly different between DA and DR for any of these WM pathways (Fig. 4.3).
Negative correlations between ATT scores and fronto-parietal fasciculi and
between LAN scores and temporal lobe WM pathways, such as the arcuate fasciculus or
ILF were not evidenced. Furthermore, no significant correlations were evidenced
between any of the RBANS indices and diffusivity values in the TBSS skeleton for the
control group.

Between group differences and interactions
On the skeletonized TBSS data, no significant (p<0.05) between group
differences in WM diffusivity were detected between controls and those with MCI. A
significant interaction effect (p<0.05), though, was found between DM scores and DR in
regards to group (Fig. 4.4). Significant interaction effects were evidenced along many
fiber pathways (Table 4.2), including bilateral SLF, FOF, ILF, uncinate fasciculus, and
internal and external capsules; interaction effects also extended across the genu, body,
and splenium of the left hemisphere of the corpus callosum, and the left cingulum bundle.
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Discussion
DTI-based studies examining WM diffusivity and anisotropy differences between
healthy older adults and those with MCI are limited and have yielded variable results.
Even fewer are the studies which have correlated neuropsychological measures with WM
changes in MCI, with most of these having briefly detailed correlations with the MMSE
(e.g., Bai et al., 2009; Chen et al., 2007; Duan et al., 2006), a measure not as sensitive to
MCI as it is to AD (Bondi et al., 2008; Nasreddine et al., 2005; Tomabaugh et al., 1992).
Here, RBANS indices were correlated with DTI-based diffusivity values to determine
whether these indices are sensitive to WM degeneration in MCI, as this might aid in
delineating the progression of neurodegeneration in AD.
Within group analyses yielded significant negative correlations (p<0.05) between
DM and all three diffusivity indices, and between IM and DA, for the MCI group. DM
correlations extended bilaterally along several fronto-parietal fiber pathways, including
the SLF, FOF, and inferior longitudinal fasciculus (ILF; Table 2), and also included
regions of the medial temporal lobes (MTLs). Correlations in these regions were in
agreement with the hypotheses that DM scores would negatively correlate with
diffusivity indices of the hippocampi and fronto-parietal fasciculi. Furthermore, DM
scores were correlated with diffusivity changes in the corpus callosum and the internal
capsule. It appears, then, that DM scores are sensitive to diffusivity changes in MCI
along many pathways which have been shown to exhibit significantly different
anisotropy or diffusivity scores between MCI and controls (Sexton et al., 2011). IM
scores correlated with DA changes along the same pathways as for DM, but these
correlations were restricted to the left hemisphere and did not include the MTLs.
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RBANS DM and IM correlations
The current results indicated that RBANS DM scores demonstrated the most
extensive correlations with WM diffusivity indices, supporting the traditional framework
that MCI neurodegeneration has a primary impact upon episodic memory functioning.
Furthermore, these extensive diffusivity correlations with DM are interesting because
they suggest that memory impairment in MCI may result from or may be compounded by
widespread WM degeneration. IM correlations with DA also argue for widespread WM
neurodegeneration. IM correlations with DA overlapped with DM and DA correlations to
a lesser extent than they did with DM correlations of DR and MD; the IM correlations
included the left ILF and FOF which were not seen in DM correlations with DA. Because
the RBANS DM index is based on the recall of information presented during IM
assessment, implications of overall diffusivity changes in the relevant WM pathways are
applicable to both.
The IM index score of the RBANS is derived from performance on list learning
and story memory tests. During the list learning test subjects are asked to remember ten
words while during the story memory test subjects are asked to remember a brief
description of an event. The amount of information presented during either of these two
tests exceeds the average immediate or short term memory capacity of four items
(Cowan, 2001). Therefore, proper performance of these tests requires recruitment of the
working memory system. Short-term memory performance is believed to be dependent
on a fronto-parietal network associated with executive functioning and the focus of
attention, while working memory performance is believed to have an added MTL
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component which contributes to LTM process necessary for working memory
performance (Champod & Petrides, 2007; Cowan 1999, Cowan 2005, Jonides & Nee,
2006, Unsworth & Engle, 2007; Vincent et al., 2008). Evidence from tracer and
autoradiographic studies of non-human primates and diffusion imaging tractography of
humans (Makris et al., 2005, 2007b; Petrides and Pandya, 1984, 2002, 2006;
Schmahmann & Pandya, 2006; Schmahmann et al., 2007) indicates that frontal and
parietal regions involved in working memory performance in the human brain, such as
the dorsolateral prefrontal cortex, ventrolateral prefrontal cortex, inferior parietal lobule,
superior parietal lobule, and the precuneus, appear to be connected by the SLF and FOF,
both of which had diffusivity indices correlated with IM and DM scores.
Specifically, the SLF is thought to be a bi-directional pathway which has been
shown to contain at least three subdivisions (SLF I, SLF II, and SLF III) in primates, and
may contain a fourth subdivision, the arcuate fasciculus, in humans (Makris et al., 2005;
Schmahmann & Pandya, 2006). SLF II is the major subdivision and connects the IPL and
prefrontal cortex. SLF I and SLF III, meanwhile, connect the SPL and superior precuneus
to the superior frontal gyrus, and the IPL to the VLPFC, respectively. Due to the inherent
spatial limitations of the TBSS skeleton (values from surrounding voxels are averaged
onto the skeleton) it is problematic to determine which portions of the SLF may be
affected by neurodegenerative processes. Given the global nature of the correlations
evidenced in the current study, however, it is not likely that neurodegenerative processes
related to dementia target specific subdivisions of the SLF involved in memory
functioning. Most DTI studies of MCI or AD which have reported anisotropy or
diffusivity changes in the SLF have not identified specific subdivisions of the SLF.
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Douaud et al. (2011), however, reported decreased FA and increased MD mostly in SLF
II. Therefore, a possibility exists that SLF II exhibits greater initial vulnerability to
neurodegeneration.
The FOF connects both lateral and medial parietal regions to the superior frontal
gyrus and DLPFC and is thought to play roles in action tracking and reaching, and object
discrimination and emotional reactivity (Makris et al., 2007a; Rizozolatti et al., 1990;
Schmahmann and Pandya, 2007). Such functions do not appear to be necessary for
working memory performance of verbally presented information during the RBANS IM
test or recall during the DM test. The association of FOF diffusivity changes with
performance on both tests is therefore not clear. One possibility for the correlation of
FOF diffusivity indices with RBANS IM is that major fronto-parietal fasciculi like the
FOF and SLF are equally vulnerable to the neurodegenerative effects of AD pathology
(discussed in Neurodegenerative mechanisms in mild cognitive impairment sub-section).
Alternatively, it may simply be that FOF plays a role in memory processes which are not
currently known. Nevertheless, several DTI studies have reported anisotropy or
diffusivity changes of the FOF in MCI and AD patients (Bosch et al., 2012).
The other major WM pathways exhibiting diffusivity correlations with IM and
DM scores were the corpus callosum (splenium and body), inferior longitudinal
fasciculus (ILF), and the internal capsule. In the non-human primate brain, the ILF has
been identified as an association pathway that runs through the WM of the temporal,
parietal, and occipital lobes, and also extends into the parahippocampal gyrus; it is the
major pathway conducting information between the temporal and occipital cortices
(Schmahmann & Pandya, 2006) and appears to subserve the ventral visual pathway, also
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known as the “what” pathway. A recent DTI study by Wong et al. (2011) suggests ILF
may form part of the ventral auditory/language stream, responsible for mapping speech or
sounds to conceptual representations (Hickok & Poeppel, 2004, 2007). Wong et al.
(2011) had participants learn associations between changes in pitch of a particular sound
and an object, and then identified brain regions where FA predicted learning success of
these associations. They found a significant cluster in a left parietal-temporal region and
performed tractography from this region. Tractography results indicated that the ventral
pathway was partly composed of a section of the ILF running along the middle temporal
gyrus. Therefore, it is possible that in the current study IM and DM correlations with ILF
may be linked to deficits in accessing conceptual, long term representations of
sounds/words, which likely contributes to impaired memory functioning in MCI patients.
Anisotropy or diffusivity changes of the corpus callosum are commonly reported
in DTI studies of MCI and AD (e.g., Bai et al., 2009, Chua et al., 2008, Duan et al., 2006;
Liu et al., 2009, Zhang et al., 2007). Changes of the internal capsule have also been
reported (Duan et al., 2006; Stahl et al., 2007; Stricker et al., 2009, but do not appear to
be as common. The cognitive impact of corpus callosum and internal capsule
neurodegeneration in MCI and AD is not clear. For example, the corpus callosum is the
major commissural tract in the primate brain, but full or partial resections leave cognitive
functioning remarkably intact (e.g., Mamelak et al., 1993). Very specific cognitive
deficits, usually visuo-spatial or sensory, are only noted when patients undergo
neuropsychological examination (e.g., Gazzaniga & Sperry, 1967). Palacios et al. (2011)
did find that decreased FA of the corpus callosum correlated with working and
declarative memory scores in those with traumatic brain injury. It is possible that in MCI
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and AD altered anisotropy or diffusivity of the genu of the corpus callosum may
contribute to impaired executive or memory function, since the genu is mainly
responsible for inter-hemispheric frontal lobe communication.

RBANS DM scores and the hippocampal formation
The extensive correlations of RBANS DM scores with DA, DR, and MD in MCI
suggest that global, bilateral WM deterioration plays a significant role in episodic
memory impairment in MCI. The implications of neurodegeneration of major WM
pathways which IM and DM scores both exhibited significant negative correlations with
were just elaborated upon. These pathways were restricted to the left hemisphere, but DM
scores also exhibited significant negative correlations with these pathways in the right
hemisphere. More importantly, DM scores exhibited negative correlations with the left
hippocampal formation.
There is abundant evidence which clearly links the hippocampal formation to
memory formation, consolidation, and retrieval, and that damage to this region can
significantly impair or prevent these processes (Insausti et al., 1987; Milner, 1972, Squire
& Zola-Morgan, 1991; Zola-Morgan et al., 1994). Current knowledge of the
neuroanatomical correlates of memory functioning and MCI/AD suggests that
neurodegeneration of the hippocampal formation is the key cause of memory impairment
in MCI/AD. Atrophy of the hippocampal formation is clearly evident on MRI scans and
upon postmortem examination (Braak & Braak, 1991; Convit et al., 1993; Jack et al.,
1992; Killiany et al., 2000); hippocampal formation atrophy is also sometimes evident on
structural MRI scans of those with MCI (Atienza et al., 2011; Killiany et al., 2002; Wolf
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et al., 2001). Thus, it is not surprising that the hypothesized negative correlations between
DM and hippocampal diffusivity were evidenced. Furthermore, diffusivity and anisotropy
changes of the hippocampus in MCI and AD have been frequently reported (Chen et al.,
2007; Choo et al., 2010; Fellgiebel et al., 2004; Zhang et al., 2009).
Despite the fact the hippocampal formation is a complex structure consisting of
multiple sub-regions including the three CA sub-fields, subiculum, dentate gyrus, and
entorhinal cortex, and a couple of main fiber pathways, the fornix and the cingulum,
many DTI studies, including the present one, are often limited to discussion of overall
hippocampal changes. For instance, DTI studies often employ an in-plane resolution
close to 2 x 2 mm, with a slice thickness often ranging from 2mm to 5mm. This results in
partial voluming effects of the hippocampus which limit specificity, especially in regards
to hippocampal WM pathways which are relatively small. A possible example of partial
voluming effects may be seen in the Sexton et al. (2011) meta-analysis where a large
effect size was reported for hippocampal FA and MD in MCI patients, but only a medium
effect size was reported for hippocampal MD in AD patients. It is possible that studies
which employed higher resolutions lacked the sensitivity to detect hippocampal changes,
which resulted in a lower reported hippocampal effect size for AD than for MCI. The
current study benefits from the use of TBSS, as one of the purposes of this method is to
alleviate some of the problems associated with partial voluming effects. The TBSS
skeleton, though, summarizes values surrounding the voxels of interest within the
skeleton, which may still result in partial voluming of hippocampal WM. Consequently,
DTI studies interested in hippocampal changes in AD and MCI will likely benefit by
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acquiring high resolution diffusion weighted images of the hippocampal formation in
order to reduce partial voluming effects and increase sub-region specificity.
Clear examples of the progression of specificity as higher resolutions and more
advanced methods are used can be seen in volumetric imaging studies of the hippocampal
formation. For example, Wolf et al. (2001) found that 75% of MCI patients were
correctly classified based on hippocampal volume and also found that the left
hippocampus exhibited greater volume reductions. Bozzali et al. (2006) reported reduced
right parahippocampal / MTL gray matter volume in MCI converters, but not in nonconverters, compared to controls. Additionally, they reported reduced right hippocampal
gray matter volume in MCI converters compared to non-converters. Implementing more
advanced techniques, Mueller et al. (2010) examined patterns of gray matter volume loss
in hippocampal formation sub-regions. They reported that significant volume reductions
in the CA1-CA2 transition area discriminated the best between MCI and controls, and
that CA1 and CA1-CA2 transition area volume differences distinguished the best
between AD and MCI. Interestingly, they reported that overall hippocampal volume was
not a good discriminative measure for MCI or AD, but this may have been due to smaller
sample sizes.

Neurodegenerative mechanisms in mild cognitive impairment
Typically, DTI studies analyzing changes in WM microstructure have used FA
and MD as their metrics; the result of which has been significant cross study variability.
Since FA and MD are derived from a tensor model, which is unable to correctly describe
diffusion parameters in areas of crossing fibers (Mori & van Zijl, 2002; Wiegell et al.,
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2000), they are prone to artificial alterations (Alexander et al., 2007Vos et al., 2012).
Furthermore, when all three eigenvalues change proportionally in a voxel, FA may also
lack sensitivity (Acosta-Cabronero et al., 2010). FA, therefore, appears to be the more
problematic of these two common metrics, thus we opted to omit FA analyses. Based on
the fact that in this study DA and DR correlations were noted in many of the same
regions, it is possible that FA may have been insensitive to changes within these regions.
As Acosta-Carbonero et al. (2010) noted, based on their lack of significant FA
differences, changes in the size of the diffusion tensor are much more biologically
plausible and informative than changes in anisotropy.
It is generally accepted that an increase in MD signifies a decrease in WM
integrity. The interpretations of changes in DR, and especially DA, are not quite as clear.
Changes in DR are thought to reflect changes in myelination, such that an increase in DR
typically signifies compromised myelin integrity (Song et al., 2002, 2003, 2005).
Decreased and increased DA values have both been attributed to pathological processes.
Decreases in DA are thought to be indicative of intracellular breakdown (Glenn et al.,
2003); while increases in DA are thought to be indicative of the removal of axonal
fragments (Concha et al., 2006). A transition from an increase in DA to a decrease in DA
therefore reflects the overall process of intracellular degeneration. For example, Mac
Donald et al. (2007) caused traumatic brain injury in mice through a controlled cortical
impact using an electromagnetic impact device. Mice were imaged at either 4-6 h, 24 h, 4
d, 1 week, or 1 month after injury. Results indicated that DA decreased acutely after
injury and increased sub-acutely. Electron micrographs taken at subacute time points
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revealed the presence of macrophages which had phagocytosed the damaged axons, many
of which were still myelinated.
Explanations of the neuropathological process in MCI and AD based on diffusion
abnormalities have revolved around hypotheses of Wallerian degeneration or
retrogenesis. The Wallerian degeneration model of AD suggests a cascading effect of
fiber pathway degeneration resulting from MTL compromise; changes in DA have often
been interpreted as evidence for Wallerian degeneration (Huang & Auchus, 2007). The
retrogenesis model suggests that late myelinating, small diameter fibers, such as
neocortical association fibers and allocortical fibers, are most vulnerable to pathology and
are the first to degenerate in AD (Bartzokis, 2004); changes in DR have therefore been
interpreted as evidence of retrogenesis in AD. For example, Stricker et al. (2009)
specifically aimed to test the retrogenesis model by examining anisotropy and diffusivity
differences in early myelinating (posterior limb of internal capsule and cerebral
peduncles) and late myelinating (SLF and ILF) pathways in AD and healthy older adults.
They found no significant FA differences in early myelinating pathways, but found
significant FA and DR differences in the ILF, indicating support for the retrogenesis
model. However, differences in DA and DR were only examined where significant FA
differences were first detected.
In the current study widespread and overlapping DM correlations with DA and
DR were evidenced, with unique DR correlations along the left ILF and unique DA
correlations along the left hippocampal formation. We do not believe that the latter
unique correlations are sufficient to argue for either form of WM degeneration as other
pathways which displayed diffusivity changes in both DA and DR did not show
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significant differences between either change in diffusivity. Widespread interaction
effects moderated by group categorization, however, were detected between DM scores
and DR values. These interactions effects were evidenced along many of the same
pathways already discussed, except for the hippocampal formation, but included the
uncinate fasciculus, external capsule, and the cingulum bundle; most of these are late
myelinating pathways. Due to the analysis methods employed in the current study, the
direction of these interaction effects at any given voxel are not clear. These findings,
though, are suggestive of changes in DR as the primary cause of WM degeneration and
impaired memory functioning in MCI.

Limitations
There are a couple of limitations to this study which should be addressed. The
first is that of MCI classification. Several methods have been proposed for classifying
patients as MCI (e.g., Albert et al., 2011; Chang et al., 2011; Morris, 1993; O’Bryant et
al., 2008; O’Bryant et al., 2010; Petersen et al., 1999) Here, we used a global CDR score
of 0.5 as the criteria for classifying individuals as MCI. The use of a global CDR score of
0.5 has been previously supported (Morris, 1993), but it has been found that those with
very mild dementia may be classified as MCI when solely using this criteria (Chang et
al., 2011). An alternative staging guideline which has been shown to have good
sensitivity and specificity is to assess the sum of boxes (SB) scores of the CDR
(O’Bryant et al. 2008; 2010). Using this guideline, those with a GS of 0.5 and SB scores
of 0.5-2.0 are classified as questionable dementia or MCI, while those with a GS of 0.5
and SB scores of 2.5-4.0 are classified as very mild dementia. The MCI sample for the
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current study had a GS of 0.5 and an SB average of 1.16, demonstrating that the
likelihood of having individuals with very mild dementia included in the MCI sample
was very low.
An important decision in the analyses was to not control for level of education,
even though the MCI group had significantly lower levels of education. It has been
shown that individuals presenting with MCI or dementia often have lower levels of
education than their age-matched controls (Anttila et al., 2002; Fratiglioni & Wang,
2007; Ngandu et al., 2007; Sattler et al., 2012; Stern et al., 1994). Level of education is
often used as a proxy for cognitive reserve, or the ability of the brain to cope with injury
by recruiting previously established and efficient processes, or implementing
compensatory mechanisms (Stern, 2006). Therefore, level of education serves as a
protective factor, such that those with higher levels of education who display similar
levels of impairments as their age matched, but lesser educated peers, often exhibit more
advanced stages of pathology and degeneration. Consequently, those individuals exhibit
greater neuropathological deficits when compared to their healthy, age-matched controls
and statistically controlling for level of education may artificially alter the variance in the
functional findings attributable to cognitive impairment.

Conclusions
The value of using the RBANS in the assessment of AD has been well
established, but its utility in assessing MCI is still under debate. Previous studies on the
utility of the RBANS in MCI have noted that the memory subtests and retention scores
from those subtests may have the greatest utility in the diagnosis of MCI (Clark et al.,
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2010; Duff et al., 2010). Results from the current study indicated that RBANS DM scores
correlated with widespread diffusivity changes across early myelinating (e.g., posterior
limb of internal capsule), late myelinating (e.g., FOF, ILF, and SLF), and hippocampal
WM in MCI. Strong correlations were found for IM scores, but were much more limited
in scope. Additionally, DM scores demonstrated a between group interaction effect with
DR in many of the pathways just discussed, along with the cingulum bundle, external
capsule, and the uncinate fasciculus. It should be noted that in the current study,
significant between group differences were not detected. The fact that RBANS DM
scores were sensitive to diffusivity changes across a number of pathways suggests the
DM index is a valuable tool in the assessment of WM damage. This is the first study that
we are aware of to correlate WM microstructural changes with the RBANS in MCI, or in
any impaired populations. Further studies investigating the relationship between RBANS
indices and WM neurodegeneration in MCI and other impaired populations are warranted
as they may provide clinically relevant information about patient prognosis.
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Figure 4.1. Significant RBANS DM correlations. Significant TBSS correlations for the
MCI group with respect to RBANS DM scores. Top. Correlations between DM scores
and DA. Middle. Correlations between DM scores and DR. Bottom. Correlations between
DM scores and MD. Images are in radiologic orientation.
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Figure 4.2. Significant RBANS IM correlations. Significant TBSS correlations for the
MCI group with respect to RBANS IM scores.
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Figure 4.3. DA and DR comparisons. Graphs depicting the slope of DA and DR values of
fiber tracts which evidenced significant correlations in MCI for both of these diffusivity
measures and for which a well-defined mask was available to extract the appropriate
values. Pairs of DA and DR values did not exhibit significantly different slopes,
indicating white matter degeneration may not have been proceeding along a preferred
axis.
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Figure 4.4. Significant RBASN DM and DR interaction effects. Signifincat TBSS
interactions effects between DM and DR moderated by group.
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Table 4.1
Demographic and cognitive scores.
Control Group Avg.
Age
74.17 (5.50)
Education
16.96 (2.33)
Immediate Memory
Visuospatial
Language
Attention
Delayed Memory

MCI Group Avg.
75.13 (6.53)
14.19 (3.47)

t-Test
0.50
3.03

p value
0.6193
0.0044*

86.13 (15.62)
95.94 (17.15)
90.19 (18.24)
93.75 (12.91)
87.50 (19.28)

3.22
1.34
2.87
2.87
3.07

0.0013*
0.0935
0.0034*
0.0033*
0.0020*

103.9 (18.01)
102.0 (10.63)
103.1 (10.18)
108.1 (16.94)
103.6 (13.93)

* Indicates significant differences between groups.

Table 4.2
White matter pathways demonstrating significant correlations.
White matter pathways
Delayed Memory

Diffusivity Index
Superior longitudinal fasciculus
Fronto-occipital fasciculus
Inferior longitudinal fasciculus
Hippocampal
Internal capsule, posterior / corticospinal
Corpus callosum
Uncinate fasciculus
External capsule
Cingulum bundle

Immediate
Memory

DA

DR

MD

DA

Delayed
Memory
Interaction
DR

B
B
R
L
L
L
-

B
B
B
B
R
B
-

B
B
B
L
R
L
-

L
L
L
L
L
L
-

B
B
B
B
L
B
B
L

Delayed and Immediate memory scores are in respect to the MCI group. The delayed memory
interaction is in respect to group categorization.
B = Bilateral. L = Left hemisphere. R = Right hemisphere.
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CHAPTER 5
CONCLUSION
This study aimed to discover novel biomarkers of mild cognitive impairment
(MCI) using two different magnetic resonance imaging (MRI) modalities, functional
MRI (fMRI) and diffusion tensor imaging (DTI). Specifically, fMRI data were acquired
while participants performed a complex working memory span (CWKMS) task, and DTI
diffusivity values were correlated with cognitive indices from the Repeatable Battery for
the Assessment of Neuropsychological Status (RBANS). This is the first study, to the
author’s knowledge, to acquire fMRI data on MCI patients while they performed a
CWMS task and to correlate RBANS indices with DTI diffusivity values in MCI, or any
other populations.
In comparing functional activity during the CWKMS for the MCI group to the
healthy older adult control group, it was found that during encoding and maintenance
MCI patients exhibited increased activation in the superior temporal gyrus (STG) and the
medial temporal gyrus (MTL), particularly in the parahippocampal gyrus and the
hippocampus. Functional differences in the MTL were expected based on previous
research, but such localized differences in regions of the STG responsible for speech
perception and production, necessary for the maintenance of information, were quite
novel. Previous work on MCI, but especially Alzheimer’s disease (AD), has suggested
that the memory impairments experienced by these populations are a result of poor
memory encoding (Germano & Kinsella, 2005; White & Ruske, 2002). If taken within
this framework, the current fMRI findings suggest that MCI patients increase their level
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of rehearsal in order to properly encode relevant information; the rehearsal of information
is known to strengthen memory encoding. Alternatively, the current findings may also
suggest that MCI patients experience deficits in information rehearsal or the maintenance
of information in the focus of attention as a result of STG neuropathology. Functional
impairment of the STG would be consistent with theories that AD-related
neurodegeneration propagates outwards from the MTLs (Alafuzoff et al., 2008; Braak &
Braak, 1991).
DTI diffusivity correlations with RBANS indices indicated that the delayed
memory (DM) index correlated with widespread axial (DA), radial (DR), and mean
diffusivity (MD) changes in those with MCI, but not in controls. These changes occurred
along three of the major anterior-posterior associative fiber pathways of the brain, the
superior longitudinal fasciculus, fronto-occipital fasciculus, and the inferior longitudinal
fasciculus, along with the internal capsule, corpus callosum, and the hippocampal white
matter. Immediate memory scores (IM) from the RBANS also correlated with DA
changes across the left hemisphere of many of these regions. Significant, widespread
interaction effects between the groups for DM scores in relation to DR may be indicative
of the ongoing neurodegenerative process in MCI and AD, as increased DR is thought to
be indicative of retrogenesis. This finding supports previous work indicating that
retrogenesis may be the main neurodegenerative process occurring in AD, but must be
taken with caution as this result was found in relation to a neuropsychological exam and
not a straightforward comparison of diffusivity changes between groups.
These correlations indicate that portions of the RBANS are sensitive to WM
neurodegeneration in those with MCI and may have some further clinical utility. It is
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possible, though, that other measures derived from the RBANS may have overall greater
clinical utility than DM and IM scores due to the widespread changes DM and IM
correlated with. For example, the memory related subtests of the RBANS have been
shown to have high specificity but low sensitivity (Duff et al., 2010), while percent
retention scores from the List Learning and Story Memory subtests have displayed
excellent specificity and sensitivity (Clark et al., 2010).
Overall, this study yielded novel insights into the functional and structural
changes that accompany impaired memory functioning in MCI. DTI diffusivity
correlations suggest the impaired long term memory functioning in MCI may be
compounded by global white matter degeneration, rather than just MTL degeneration;
while functional imaging results suggest that STG dysfunction contributes to working
memory related changes in MCI. As this is the first study to employ fMRI with CWKMS
tasks in MCI and to correlate RBANS scores with diffusivity in MCI, future studies
should aim to not only replicate these findings but to improve upon the methods used. For
example, other CWKMS tasks or more taxing versions of the current CWKMS task could
be employed to elicit broad behavioral differences between MCI and control groups, as
this may further reveal novel findings. Additionally, other cognitive measures may be
correlated with diffusivity changes as there are numerous neuropsychological tools
available which may possess higher specificity and sensitivity to MCI than the RBANS.
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